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ABSTRACT 

The resu l t s  of a research study t o  characterize the dynaitiic 

response proper t ies o f  the Space Shut t le  SRM (TP-H1148) propel lant  

and t o  es tab l i sh  the  expected l i m i t s  o f  propel lant  v a r i a b i l i t y  i s  

presented i n  t h i s  f i n a l  report.  

Dynamic shear modulus tes ts  were conducted on s i x  production 

batches o f  TP-H1148 a t  various s t a t i c  and dynamic s t r a i n  leve ls  over 

the  temperat*:re range from 40°F t o  9 0 O F .  

A heat conduction analysis and dynamic response analysis of 

the Shut t le  SRM were also conducted. 

The dynamic t e s t  resu l t s  show s i g n i f i c a n t  dependence on s t a t i c  

and dynamic s t r a i n  leve ls  and considerable hatch-to-batch and w i th in -  

batch v a r i a b i l i t y .  However, the resu l t s  o f  the SRM dynamic response 

analyses c l e a r l y  demonstrate t h a t  the s t i f f n e s s  o f  the propel lant  has 

no consequential e f fec t  on the ove ra l l  SRM dynamic response. Only the 

mass o f  the propel lant  needs t o  be considered i n  the dynamic analys is  

o f  the Shut t le  SRM. 

Based on the resu l t s  o f  the SRM dynamic analysis i t  i s  concluded 

tha t  no special t es ts  are required f o r  q u a l i t y  con t ro l  of the SRM 

propel lant  dynamic response propert ies. 
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NOMENCLATURE 

= time-temperature shift function aT - 
a = propellant grain inner radius 

A = cross-sectional area 

= end-fixity parameter *n 

- E 
E* - 

propellant grain outer I -3ius 

specific heat capacity 

dampi ng cocf f i ci 2nt 

dissipation function 

tensile modulus 

compl ex tensi 1 e modul us 

coefficient in power-law representation of dynamic modulus 

coefficient in powe;--law representation o f  relaxation moaulus 

long-time equ!librium relaxation modulus 

short-time glJssy relaxation modulus 

= coefficrsnts in the Prony series representation of the 
relaxat ’ n modulus 

= re1 axatior, modu! 5s 

Ek 

. I 21 

g = acceleration of gravity 

ti = shear modulus 

G* = complex shear modulus 

H = heat flow vector 

k = coefficient of thermal conductivity 

K = bulk modulus 

K* = complex bulk modulus 
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[K] = s t i f f n e s s  matr ix  

L = propel lant  g ra in  length 

m = exponent ir, temperature s h i f t - f a c t o r  representation 

[#] = mass m a t r i x  

n = accelerat ion i n  g 's  

n = exponent i n  power-law representation of dynamic modultrs 

a = thermal force 

I r )  = nodal po in t  displacemer- vector 

[R] = nodal p o i n t  force vector 

R = s t r a i n  r a t e  i n  constant s t r a i n  r a t e  t e s t  

t = case thickness 

t = time 

T = temperature 

= experimental13 determined constant i n  temperature s h i f t - f a c t o r  
representation Ta 

= gra in  inner temperature 

= glass t r a n s i t i o n  temperature 

= T + 50°C 

= reference Tanperatwe 

u(t) = Heaviside u n i t  step funct ion 

Ta 

T!3 

TS 9 

TR 

L' = thermal potent ia l  

E = d i l a t a t i o n  o r  un iax ia l  s t r a i n  

r-* - = complex s t r a i n  amplitude 

5 = loss tangent 
k = thermal d i f f u s i v i t y  = - 
PC 

IC 

? = density 
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charac ter is t i c  t ime 

t ime constant i n  Prony ser ies representat ion o f  re laxa t ion  
modulus 

un iax ia l  (or  shear) stress 

standard dev iat ion 

complex s t ress amp1 i tude 

Poisson's r a t i o  

frequency 

c i r c u l a r  frequency c o e f f i c i e n t  

s t r u c t u r a l  damping c o e f f i c i e n t  

Superscripts 

m = model parameter 

1 = prime = r e a l  p a r t  o f  complex quant i t y  

= double prime = imaginary p a r t  n f  complex quant i t y  I1 

Subscripts 

C = case property 

P = +3pell  ant property 

x i  v 
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DYNAMIC CHARACTERIZATION AND ANALYSIS OF 

SPACE SHUTTLE SRM SOLIC PROPELLANT 

I .  INTRODUCTION 

The program object ives were t o  perform a dynamic shear modulus 

character izat ian o f  TP-H1148 (Space Shut t le )  propel lant  and t o  i n v e s t i -  

gate the s e n s i t i v i t y  o f  the Shut t le  So l id  Rocket Motor (SRM) dynamic 

response t o  propel lant  modulus v a r i a b i l i t y  associated w i th  batch-to- 

batch and within-batch cast ing var ia t ions  and temperature var ia t ions  i n  

the SRM. 

Speci f ic  tasks included: 

'4SK 1: DYNAMIC SHEAR MODULUS CHARACTERIZATION 

A. 

6. 

C. 

D. 

Examine and analyze e x i s t i n g  dynamic 
response t e s t  data f o r  TP-H1148 
propel lant  and other s i m i l a r  s o l i d  
p rope 1 1 ants . 
Experimental l y  deter,aine dynamic shear 
response proper t ies o f  TP-H1148 pro- 
p e l l a n t  as a funct ion o f  frequency, 
temperature and s t r a i n  leve l .  

Perform s t a t i s t i c a l  analyses o f  dynamic 
shear data obtained t o  es tab l i sh  
p r o b a b i l i t y  d i s t r i b u t i o n s  associated 
w i th  batch-to-batch and within-batch 
v a r i a b i l i t y .  

Extend the  SRM propel lant  dynamic 
response model t o  include the ef fects  
o f  propel lant  v a r i a b i l i t y  fourld i n  
Task 1-6, and s t r a i n  leve l ,  i f  necessary. 
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TASK 2: SRM DYNAlYIC RESPONSE ANALYSES 

Examine the sensitivity of the SRM frequency 
and mode shape response to the propellant 
variability expected based on the results of 
Task 1 and to modulus gradients throughout the 
grain web associated with a nonuniform tempera- 
ture distribution and batch-to-batch propellant 
vari abi 1 i ty. 

TASK 3: IDENTI; I TEST REQUIREMENTS 

Based on the results of Tasks 1 and 2, recomnend 
the tests required to characterize the dynamic 
response of each propellant casting and each SRM 
segment. 

The analysis effort and test data interpretation were carried out by 

W. L. Hufferd & Associates, and the characterization o f  TP-H1148 

propellant, supplied by Thiokol Corporation, Wasatch Division, was 

conducted by the Chemical Systems Division (CSD) of United Technologies 

Corporation under a subcontract from W .  L. Hufferd & Associates. 

This final report presents the details of the rest -ch study. All 

technical objectives have been accomplished. The complete final report 

from CS3 on the dynamic characteriiqtioc o f  TP-H1148 propellant is 

included as Appendix A to this report. 
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I I. SUMMARY OF ACCOMPLISHMENTS 

All technical requirements and objectives of the research study 

have been met. 

2.1 TASK 1: DYWMIC SHEAR MODULUS CHARACTERICATION 

Propellant characterization tests were conducted by CSD on material 

from one 600 galon batch (TP-H1148-9) and five other batches (TP-H1148- 

6,-7,-8,-9970096 and -9970115). The dynamic shear modulus of the six 

SRM sol id propellant batches was measured at various static and dynamic 

strain levels. 

at 2 in/min at C"F, 40"F, 70"F, 90°F and 120°F, and the viscoelastic 

relaxation modulus was measured at 40°F, 70°F and 90OF. 

The test data show very smal 1 batch-to-batch propel lant variabi 1 i ty 

Constant elongation rate properties were also measured 

and excellent sample-to-sample reproducibility. Dynamic propellant 

nodulus values were sensitive to the static compressive strain level as 

well as dynamic strain. The test strain levels covered 0.0018 to 3% 

and a -.orrespondingly large modulus range. 

applicable tc ;he shuttle SRM dynamic loading conditions [l-51. 

modulus values for dynamic analyses can be selected from the data 

pre;cnted at the appropriate frequency and strain levels and used with 

.i NASTRAN analysis. 

This strain range should be 

Specific 

Additional statistical analyses of available test data for similar 

propel lmts and for TP-H1148 characterized by Thiokol/Wasatch Division 

r 5 -  I ]  were performed to establ ish expected propellant variability. 
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Finally, the SRM propellant dynamic response model developed in 

[4] was extended to include the effects of propellant variability. 

2.2 TASK 2: SRM DYNAMIC RESPONSE ANALYSES 

Dynamic response analyses of a typical SRM segment were performed 

to examine the sensitivity o f  the SRM frequency and mode shape responses 

to propellant variability and to modulus variations associated with a 

non-uniform temperature gradient likely to exist in the SRM at the time 

of launch. 

propellant variability and that no significant temperature gradients 

would exist through the SRV propellant web at the time of launch. The 

propellant provides most of the mass, but the case provides almost all 

of the stiffness due to the large differences between the propellant 

and case moduli at all temperatures, frequency and strain levels of 

interest in the Shuttle SRM. 

It was found that the SRM dynamic response is insensitive to 

2.3 TASK 3: IDENTIFY TEST REQUIREMENTS 

Based on the insensitivity of the SRM dynamic response to propellant 

variability it is concluded that no special quality assurance testing 

is required for the dynamic response 

The normal quality control tests for 

mechanical properties are sufficient 

It must be emphasized, however, that 

several castings of propellant , wi 1 1  

on the shuttle SRM dynamic response. 

properties of TP-H1148 propellant. 

ign'tion, burn rate and static 

to indicate anomalous batch behavior. 

anomalous behavior of one or even 

still have an insignificant effect 
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I I I .  DYNAMIC RESPONSE OF RELATED PROPELLANTS 

In addi t ion  t o  characterizing TP-H1148 propellant d u r i n g  this  

program existing published da ta  on TP-H1148 and similar related propel- 

lants were reviewed and analyzed t o  provide a broader data  base for  

subsequent statist ical  analyses. Dynamic mechanical property tests 

have been conducted a t  the University of Utah [7 ]  on the inert UTI-610 

PBAFi propellant used i n  the NASA/Langley dynamic model tes ts  [5]. 

Thiokol/Wasatch has characterized live and inert TP-H1123 PBAN 

propellant [6], which close'iy resembles the SRM propellant, as well as 

TP-H1148 propellant [10,11]. The Space Division of Rockwell Inter- 

nat ional  [8,9] has also conducted dynamic tests i n  support  of one- 

quarter scale model tests; however, these da ta  are diff icul t  t o  analyze 

and draw conclusions from since non-standard tests were used and the 

tes t  procedures are not well documentzd. 

3.1 UNIVERSITY OF UTAH 

Characterization tests were conducted on the inert solid propellant 

cast i n  the ; / 8  scale models of the space shuttle SRB dynamically tested 

a t  the NASA/Langley Research Center [SI. 

conducted t o  evaluate the interconverti bi  1 i t y  of s ta t ic  and dynamic 

response properties according t o  1 inear viscoelasticity theory. 

tests were carried out  a t  several temperatures and the time (frequency)- 

temperature superposition principle used t o  extehd the range of 

applicability of the d a t a .  

Static and dynamic tests were 

These 

Some tests were a l so  cmducted t g  evaluate 
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the ef fects  of moisture ( i .e.,  r e l a t i v e  humidity) on propel lant  response 

and also the ef fects  of s t a t i c  s t r a i n  l e v e l .  

The propel lant ,  designated UTI-610, i s  an i n e r t  Polybutadiene 

Acryl o-Ni tri 1 e (PBAN) propel 1 ant w i t h  amnoni um sul f a t e  and sodi um 

ch lo r i de  replacing the normal ox id izer ,  amnonium perchlorate. The 

propel lant  samples and models were manufactured by the Chemical Systems 

D iv i s ion  o f  United Technologies Corporation, Sunnyvale, Ca l i f o rn ia .  

Propel \ant  f o r  the experimental character izat ion program was 

received from Nasa/Langeley Research Center i n  sealed one-ha1 f ga l l on  

m i l k  cartons. 

by 4.0 i n )  were machined and wooden tabs bonded t o  the eqi;s f o r  the s t a t i c  

test ing,  i .e., constant s t r a i n - r a t e  and stress re laxa t i on  tests.  Thin 

slabs, .1 cm by . 3  cm by .2 cm (0.04 i n  by 0.12 i n  by 0.8 i n )  were used 

f o r  the dynamic tension t e s t s  and slabs .15 cm by .15 cm by . 3  cm 

(0.06 i n  by 0.06 i n  by 0.12 i n )  were used f o r  the dynamic shear tests .  

Test specimen configurations are shown i n  Figure 1. 

Specimens 1.27 cm by 1.27 cm by 10.2 cm (0.5 i n  by 0.5 i n  

A minimum o f  three and usual ly  f o u r  r e p l i c a t e  tes ts  were ca r r i ed  

out f o r  each condit ion. 

The t e s t  methods employed conformed t o  standard industry-wide 

pract ices [12-141. An Inst ron Universal t e s t i n g  mafhine (Figure 2)  

wi th  Missimer temperature condi t ion ing box was used f o r  t t a t i c  t e s t i n g  

and a Rheovibron dynamic tes te r  (Figure 3 )  was used f o r  the dvnamic 

tests .  

S t a t i c  and dynamic tes ts  were conducted a t  -18°C (O'F), 4°C (4OoF), 

25°C (77°F) and 49OC (120°F) and time-temperature superposit ion used 
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FIGURE 1 - Test Specimen Configurations 
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FIGURE 2 - Schematic o f  Instron 
Universal Testing Machine 
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FIGURE 3 - Schematic of Rheovibron Cynamic Tester 
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t o  evaluate the response proper t ies a t  o ther  temperatures and 

frequencies. 1 

Constant s t r a i n  r a t e  t e s t s  were conducted a t  the  s t r a i n  ra tes  

and temperatures shown i n  Table I .  True s t ress-s t ra in  response IS 

shown i n  Figure 4. 

Stress re laxa t i on  t e s t s  were conducted according t o  Table 11. 

Relaxation modulus as a func t i cn  o f  l o g  time and s t r a i n  l e v e l  i s  shown 

i n  Figure 5. With the exception o f  the one-percent s t r a i n  l e l e 1  tes ts  

a t  4°C the average values o f  the one and five-percent s t r a i n  l e v e l  t e s t  

data were w i t h i n  the  - + 3a data band associated w i t h  the three-percent 

s t r a i n  l e v e l  tes ts .  

Figure 6 shows the time-temperature s h i f t  f a c t o r  versus tempera- 

t u r e  as determined from st ress-re laxat ion tes ts ,  dyr . i t l iC tension and 

'It has been widely found t h a t  temperature has the e f fec t  o f  expand- 
i ng  o r  con t rac t ing  the t ime scale o f  response v i scoe las t i c  mater ia ls  
and t h a t  an equivalence between t ime or frequency and temperature ex is ts .  
Time and frequency are roughly the inverse of one another so t h a t  
shor t  t ime o r  h igh  frequency response a t  one temperaturc corresponds t o  
lower temperature. 
Thus, by obta in ing propel l n n t  response a t  several temperatures, a 
time-temperature s h i f t  funct ion,  aT, r e l a t i n g  the equivalence of t1r.e 
o r  frequency and temperature can be experimental ly determined by 
ho r i zon ta l l y  " s h i f t i n g "  the t e s t  data so t h a t  i t  superimposes t o  fom. a 
s ing le  curve a t  some given reference temperature, usual ly  21 t o  25°C. 
The r e s u l t i n g  curve is known as the "master" resgonse curbe and i s  
expressed i n  terms o f  temperature-reduced time, t/aT, i n  the  case of the 
master-reduced frequency, waT, i n  the case o f  the master dynamic moduli 
curves (See i .e . ,  [IZ-151). 

The converse holds t r u e  a t  higher temperatures. 

Thus, conventiotial analyses remain v a l i d  i n  terms of the master 
re laxa t i on  and dynamic modul; i f  time, t, and frequency, w, are replaced 
by temperature-reduced time, t/aT, and frequency-reduced time, uaT, 
respect i vel y . 
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dynamic shear tests .  Three-sigma l i m i t s  are also shown f o r  the stress- 

re1 axa t i  on determined s h i f t  factors.  

Thermorheological l y  s ipp le mater ia l  behavior requires time- 

temperature s h i f t  factors  t o  be iden t i ca l ,  i r respec t i ve  o f  how they 

were determined. 

factors  determined from dynamic shear tes ts  do not  agree w i t h  those 

determined from stress-re laxat ion o r  dynamic tension tests,  which are 

i n  reasonable agreement w i t h  each other. 

ancy i s  not  known, although i t  is probably associated w i t h  some 

def ic iency i n  the dynamic shear t e s t  procedure. The s h i f t  factors 

associated w i t h  the stress re laxa t i on  t e s t s  were used t o  superpose the 

re laxa t i on  modulus and dynamic tension t e s t  r e s u l t s  whereas the s h i f t  

factors  obtained from dynamic shear t e s t s  were used t o  develop a master 

dynamic shear modulus curve. 

However, i t  may be noted i n  Figure 6 t h a t  the s h i f t  

The reason f o r  t h i s  discrep- 

Figure 7 presents the master re laxa t i on  modulus as a function of 

igure 7 a lso shows the 

constant s t r a i n  r a t e  t e s t  

51, 

temperature-reduced time, t /aT ,  a + 25°C. 

master re laxa t i on  modulus obtained from the 

data shown i n  Figure 4 using the r e l a t i o n  [ 

where R i s  the r a t e  of s t ra in ing.  

obtained from'the constant s t r a i n  r a t e  tes ts  i s  subs tan t i a l l y  higher 

than t h a t  obtained from stress re laxa t i on  tests,  p a r t i c u l a r l y  a t  short  

t imes or low temperatures. 

o f  sol i d  propel lants.  

I t may be observed t h a t  the modulus 

This nonl inear behavior i s  t y p i c a l l y  observed 
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Dynamic tension t e s t s  were conaucted a t  3.5, 11, 35, and 110 H t  

and 0.1, 0.5, 1.0, 2.5, and 5.0 percent s t a t i c  s t r a i n  l e v e l s  a t  18°C 

( O O F ) ,  4°C (40°F), 25°C (77OF) and 49°C (120°F). 

were conducted a t  the same frequencies and temperatures a t  pre-imposed 

s t a t i c  s t r a i n  leve ls  o f  0.5, 1.0, 2.5 and 5.0 percent. 

A f i x e d  half-ampli tude dynamic displacement o f  50 m was used f o r  

Dynamic shear t e s t s  

a l l  dynamic tests.  The length o f  the  dynamic specimens f o r  the  0.1 

percent s t r a i n  l e v e l  t e s t s  was 5 cm (2  i n )  ra the r  than the 2 cm 

mentioned previously. For t h i s  t e s t  t he  dynamic s t r a i n  l e v e l  was equal 

t o  the imposed s t a t i c  s t r a i n  o f  0.1 percent. I n  a l l  other dynamic 

t e s t s  the  dynamic s t r a i n  l e v e l  var ied between 0.22 and 0.25 percent. 

Dynamic tension resu l t s  are tabulated i n  Tables 111-a through 111-d 

and dynamic shear r e s u l t s  are tabulated i n  Tables IV-a  through IV-d. 

The notat ion i n  Tables I11 and I V  i s  der ived from the fo l low ing  repre- 

sentations f o r  complex modulus: 

G*(w) = G' + i G "  

E G I' tan 6 = E' or 

2 
+ ( G I )  

It may be observed from Tables I11 and I V  t h a t  a gradual dec l ine 

o r  sof tening of the  dynamic s t i f fness  occurs w i th  increasing s t a t i c  
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TABLE 1 1 1 - a  
DYNAMIC TENSION TEST RESULTS 

AT A FREQUENCY OF 3.5 Hz 

E '  E 'i STATIC TEMPERATURE tan 
STRAIN ( " C ?  ( m/m2 ) (MN/m2) 

0.1 -18 
4 

25 
49 

0.5 -18 
4 

25 
49 

1 .o -18 
4 

25 
49 

2.5 -18 
4 

25 
49 

5.0 -18 
4 

35 
49 

0.32 
0.47 
0.45 
0.38 
0.32 
0.45 
0.43 
0.32 
0.33 
0.45 
0.43 
0.30 
0.34 
0.45 
0.42 
0.30 
0.35 
0.43 
0.39 
0.26 

31 3 
65.3 
16.5 

179 
45.6 
13.5 
5.91 

175 
43.8 
12.6 

166 
39.9 
11.6 

138 
34.8 
10.9 
4.0 

3.92 

5.42 

4.68 

299 
59.0 
15.0 

170 
41.5 
12.4 
5.58 

166 
40 

11.6 
5.17 

158 
36.6 
10.53 
4.48 

131 
32.1 

3.68 

9.42 
3.85 

95.1 
27.8 

6.74 
1.36 

54.4 
18.8 
5.3 
1.82 

53.7 
17.9 
4.61 
1.58 

52.3 
16.3 
4.34 
1.35 

42.3 
13.4 
3.11 
1.09 
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TABLE I I I - b  
DYNAMIC TENSION TEST RESULTS 

AT A FREQUENCY OF 11 Hr 

0.1 -18 
4 

25 
49 

0.5 -18 
4 

25 
49 

1 .o -18 
4 

25 
49 

2.5 -18 
4 

25 
49 

5.0 -18 
4 

25 
49 

0.34 
0.50 
0.47 
0.42 
0.33 
0.48 
0.48 
0.38 
0.33 
0.49 
0.47 
0.37 
0.32 
0.48 
0.47 
0.36 
0.33 
0.46 
0.44 
0.35 

333 
70.8 
19.7 

207 
53.8 
15.0 

21 4 
52.5 
14.0 

21 3 
55.8 
14.7 

185 
48.5 
13.8 

6.75 

5.99 

6.22 

6.48 

5.88 

31 5 
53.3 
17.8 

197 
48.5 
13.6 

5.6 
204 
47.2 
12.6 

5.85 
204 
50.33 
13.2 
6.08 

177 
44.0 
12.6 

6.17 

5.54 

107 
31.5 
8.35 
2.72 

63.3 
23.5 
6.49 
2.11 

66.4 
23.2 
6 .0  
2.13 

62.6 
24.2 
6.32 
2.24 

52.5 
20.5 
5.64 
1.97 

I 
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TABLE 111-c 
DYNAMIC TENSION TEST RESULTS 

AT A FRElUENCY OF 35 Hz 

tan 6 E '  E STATIC TEMPERATURE 
STRAIN ("C)  (MN/m2 1 (MN/m2 1 ( X I  

0 .1  -1 8 
4 

25 
49 

0.5 -1 8 
4 

25 
49 

1 .o -1 8 
4 

25 
49 

2.5 -18 
4 

25 
49 

5.0 -1 8 
4 

25 
49 

0.42 
0.68 
1.08 
0.64 
0.26 
0.55 
0.62 
0.4? 
0.26 
0.55 
0.62 
0.47 
0.26 
0.52 
0.58 
0.46 
0.27 
0.48 
0.50 
0.45 

405 
71.2 
25.0 
8.8 

269 
75.2 
21.8 

276 
75.2 
21.8 

263 
76.3 
21.6 

8.66 
243 

71 
18.6 
7.92 

8.37 

8.37 

374 
58.9 
17.2 

260 
65.9 
18.5 

267 
65.9 
18.5 

7.56 
2 54 
68 

18.8 
7.85 

234 
64 

16.7 
7.23 

7.43 

7.56 

153 
39.7 
18.0 

67.3 
36.2 
11 - 4  

69.3 
36.2 
11.4 

66.1 
34.7 
10.7 

4.72 

3.57 

3.57 

3.64 
61 .a 
30.8 
8.24 
3.24 
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TABLE I I I - d  
DYNAMIC TENSION TEST RFSULTS 

AT A FREQUENCY OF 110 H t  

0.1 -18 
4 

25 
49 

3.5 -1 8 
4 

25 
49 

1 .o -18 
4 

49 
2.5 -18 

4 
25 
49 

5. I) -1 8 
4 

25 
49 

E 

0.375 
1.1 
1.24 
1.25 
0.27 
0.53 
0.59 
0.54 
0.26 
0.53 
0.58 
0.53 
0.25 
0.50 
0.56 
0.51 
0.26 
0.48 
0.52 
0.48 

51 2 
120 
33.3 
12.3 
31 6 
102 
30.2 
12.2 
328 
105 
31.1 
12.2 
324 
108 
31.6 
12.3 
293 
103 

11.7 
m . 3  

482 
87.2 
27.1 
8.06 

304 
90.4 
26.0 
10.8 
308 
92.6 
26.8 
10.7 
31 4 
96.9 
27.6 
11.3 
289 
32.0 
26.8 
10.6 

171 
78.1 
24.2 

81.4 
48.0 
15.4 
5.81 

80.7 
49.2 
15.8 

75.0 
47.8 
15.5 

73.4 
44.3 
1a.n 

8.94 

5.72 

5.59 

5.12 
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TABLE IV-a 
DYNAMIC SHEAR TEST RESULTS 

AT A FREQUENCY OF 3.5 Hz 

0.5 -18 
4 

25 
49 

1 .o -1 8 
4 

25 
49 

2.5 -18 
4 

25 
49 

5.0 -18 
4 

25 
49 

0.052 
0.174 
0.29 
0.31 
3.061 
0.21 
0.33 
0.31 
0.061 
0.21 
0.33 
0.32 
0.059 
0.205 
0.33 
0.32 

11.2 
8.06 
4.33 
1.89 

7.35 
3.44 
1.71 

7.29 
3.26 
1.59 

7.35 
3.26 
1.54 

11 .o 

11 . I  

11.1 

11.2 
?.94 
4.16 
1.81 

11 .o 
7.16 
3.27 
1.64 

7.13 
3.12 
1.52 

11.1 
7.2 
3.1 
1.47 

11.1 

0.59 
1.33 
1.18 
0.55 
0.67 
1.49 
1 .os 
0.51 
0.68 
1.48 
1.01 
0.48 
0.66 
1.45 
1.01 
0.47 I 
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TABLE IV-b 
DYNAMIC SHEAR TEST RESULTS AT 

A FREQUENCY OF 11 Hr 

I 0.5 -18 0.023 12.63 12.6 0.30 
4 0.10 10.5 10.4 1.08 

25 
49 

1 .o -18 
4 

25 
49 

2.5 -1 8 
4 

25 
49 

0.24 
0.31 
0.023 
0.1 
0.27 
0.33 
0.023 
0.11 
0.27 
0.34 

6.5 6.32 1.51 
3.42 3.28 0.99 
2.8 12.8 0.31 
0.4 10.3 1.14 
6.0 5.78 1.55 
2.99 2.67- 0.95 

2.8 12.8 0.31 
3.5 10.4 1 .ll 
5.86 5.64 1.59 
2.82 2.67 o.91 j 

5.0 -1 8 0.023 12.8 12.8 0.30 
4 0.093 10.5 10.4 1.02 

25 0.28 5.55 5.33 1.53 

I 49 0.34 2.58 2.43 0.85  
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TABLE I V - c  
DYNAMIC SHEAR TEST RESULTS 

AT A FREQUENCY OF 35 Hz 

25 
49 

1 .o -18 
4 

25 
49 

2.5 -1 8 
4 

25 
49 

0.31 
0.41 

0.045 
0.22 
0.41 
0.42 
0.05 
0.23 
0.44 
9.42 

~~ ~ 

0.5 -1 8 0.036 14-67 

6.26 
2.46 

4.3 
9.83 
3.8 
1.59 
4.0 
9.13 
3.28 
1.2? 

4 0.15 11.5 

5.0 -18 0.072 13.2 
4 0.28 7.8 

25 0.45 2.97 
49 0.42 0.99 

14.67 
11.4 
5.97 
2.29 

9.58 
3.52 
1.47 

13.9 
8.85 
3.01 
1.13 

13.2 
7.5 
2.72 
0.91 

14.3 

0.58 
1.82 
1.8s 
0.91 
0.68 
2.18 
1.43 
0.61 
0.75 
2.16 
1.28 
0.47 
1.03 
2.09 
1.23 
0.37 
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TABLE IV-d 
DYNAMIC SHEAR TEST RESULTS AT A 

FREQUENCY OF 110 Hz 

~~ 

0.5 -18 @ .036 22.0 22.0 0.34 
4 0.12 18.0 17.9 2.13 

25 0.29 10.9 10.4 2.98 
49 0.41 4.99 4.65 1.91 

1 .o -18 0.046 22.2 22.2 1.08 
4 0.14 17.6 17.4 2.50 

25 0.34 9.77 9.25 3.08 
49 3.43 4.48 4.12 1.77 

2.5 -1 8 1;. 046 22 4 22.4 1.12 

25 0.35 9.33 8.8 3.09 
49 0.45 4.01 3.65 1.66 

5.0 -1 8 0.049 22.0 22.0 1.14 
4 0.16 16.8 16.6 2.66 

25 0.37 8.4s ?.96 2. gat 
49 0.46 3.07 2.79 1.30 

4 0 15 17.2 l ? . O  2.58 

-0 
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s t r a i n  leve l .  The maximum dynamic t e n s i l e  modulus occurs f o r  a s t a t i c  

s t r a i n  o f  0.1 percent where the  dynamic s t r a i n  i s  a lso equal t o  t h i s  

value. Typic21 o f  l i v e  propel lant  bzhavior, dynamic moduii increzse 

l o r  decreasing s t a t i c  s t r a i n  and/or dynamic s t r a i n  leve ls  (see, e.g., 

C4,16,171). 

Figure 8 presents the master dynamic t e n s i l e  and shear moduli 

versus temperature reduced frequency a t  a reference temperature o f  

25°C. The dynamic t e n s i l e  modultls, calculated from stress re laxa t ion  

t e s t  data and constant s t r a i n  r a t e  t e s t  data i s  a lso shown f o r  conparison 

It riiy be ngted t h a t  the dynamic modu:i ca lcu lated i n  t h i s  fashion do 

not agree w i th  the measured dynamic data. This i s  t yp i ca l  o f  s o l i d  

propel lant  behavior. 

Figure 9 was obtained using the frequency-temperature s h i f t  fac to rs  

dmeloped from the dynamic shear tes ts  and previously presented i n  

Figure 6. 

t h a t  the master dynamic shear modulus i s  approximately one-third o f  

the value of the measured t e n s i l e  modulus, i nd i ca t i ng  near ly  incompres- 

s i b l e  mater ia l  behavior. From bu;k compress ib i l i ty  tes ts  conducted by 

Thiokol/Wasatch, the hl k modulus was experimental ly determined t o  be 

267,000 ps i  (1.84 KN/m ) implying a Poisson's r a t i o  i n  the range o f  

0.4991 t o  0.4993 over the frequency range o f  in te res t .  

The master dynamic shear modulus curve shcwn i n  

Althouoh considerable data sca t te r  ex is ts ,  i t  rrdy be seen 

2 

The ;maginary pa r t  o f  the dynamic tens i l e  and shear modulus, E" and 

G", are presented i n  Figure 9 as a funct ion of ternperature-reduced 

frequency. 

shear t e s t  resu l ts  a r e  not l i k e l y  t o  be t r u l y  representat ive o f  the 

The v a r i a b i l i t y  and data scat ter  i n  GI' i nd ica te  t h a t  the 
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propel lant 's  dynamic stress behavior. The anomalous shear behavior i s  

a t t r i b u t e d  t o  coupling between the shim-stock support and glue and the 

propel lant  (see Figure 1). 

3.2 THIOKOL/WASATCH TESTS 

Thiokol has conducted dynami: shear tes ts  on l i v e  and i n e r t  

TP-1123 propellarrt  [6], which, as noted previously, i s  very s i m i l a r  t o  

TP-H1148, and s t a t i c  ar.d dynamic character izat ion o f  TP-H1148 

propel lant  [ 10,111. 

Tbiokol conducts dynamic shear t e s t s  using a modif ied Gottenberg 

d isk t e s t  technique [12]. The t e s t  setup consist? o f  a d isk o f  propel- 

lant ,  bonded t o  s tee l  outer and center r ings  (Figure lo) ,  and mechanically 

loaded a t  i t s  center w i t h  an electromechanical v ib ra to r  a t  a can:t-,ant 

displacement. Exc i ts t i s i i  force, d isk  center displacement and r e l a t i v e  

phase angle are measured from which dynamic shear moduli are calculated. 

Tests on l i v e  and i n e r t  TP-H1123 prope1;ant were conducted a t  

frequencies ranging from 10 to  5d H t  a t  40°F, 70°F and 90°F. Analy t ica l  

studies o f  the Shutt le SRM center segment and the Gottenberg d isk t e s t  

specimen were performed t o  determine appropriate s t a t i c  and dynamic 

displacements for  the test .  

de f lec t ion  o f  0.015 inch was determined t o  simulact: the propel lant  

s t ra ins  r e s u l t i n g  f r o m  the Worst case SRM thermal shrinkage, and a 

v ib ra to ry  center-body displacement o f  0.0006 inch peak-to-peak was 

required t o  simulate maximum propel lant  s t ra ins from a 0.5 3 peak-to-peak, 

2 t o  50 Hz, longi tud ina l ,  sinusoidal v i b r a t i o n  input  t o  the case. Since 

the above dynamic displacement was below the minimum amplitude l i m i t  o f  

A Gottenberg d isk s t a t i c  center-body 
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the t e s t  apparatus, tes ts  were conducted a t  dynamic displacement 

amplitudes ranging from 3.001 t o  0.004 inch, and imposed center-body, 

s t a t i c  displacements ranging from 0.009 t o  (3.022 inches. 

Experimental t e s t  resu l ts  as a funct ion o f  dynamic displacement 

are presented i n  Table V for  l i v e  TP-H1123 propel lant  aqd i n  Table V I 1  

for .  i n e r t  TP-H113 propel lant  (designated H-13). 

presented i n  Tables V I 1  a n i  VI11 as a function of s t a t i c  displacement. 

Figure 11 presents the dynamic shear moduli, G ‘  and G ” ,  versus tempera- 

tu re  reduced frequency f o r  TP-H1123 and H-13 prqpel lants.  

S imi lar  r e s u l t s  are 

While the t e s t  data presented i n  Tables V through VI11 ind ica te  a 

s i g n i f i c a n t  inf luence of temperature and frequency, as expected; a 

Duncan M u l t i p l e  Rmge Test indicated no s t a t i s t i c a l  inf luence o f  s t a t i c  

o r  dynamic displacement amplitude over the range studied. 

I n  addit ion, Thiokol a lso conducted Gottenberg d isk  tes ts  on TP-H1123 

l i v e  propel lant  i n  a pressure vessel a t  ambient, 500 and 1000 ps ig 

conf in ing pressures. Their resu l ts  are presented i n  Table I X .  These 

data are wel l  w i t h i n  the s t a t i s t i c a l  l i m i t s  establ ished by the ambient 

pressure t e s t s  previously presented. 

Thiokol has also conducted s t a t i c  [lo] and dynamic [ l l ]  charac- 

t e r i z a t i o n  tes ts  o f  TP-H1148 space s h u t t l e  propel lant .  

tes ts  were conducted on propel lant  from s i x  mixes (9910-053, -057, 

-059, -060, -061, -062) a t  40, 70 and 90°F and frequencies ranging from 

5 t o  50 Hz. 

dynamic displacement o f  ti.002 inches. 

Tables X through XV, and analyzed subsequently. 

Dynamic shear 

The tests  were conducted using a Gottenberg disk w i th  a 

The t e s t  data are sumnarized in 
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TABLE V 

DYNAMIC SHEAR MODULUS OF L I V E  TP-H 1123 PROPELLANT 
TEST DATA FOR VARIOUS DYNAFlIC DISPLACEMENTS 

Frequency Temperature tan6 I G l  G' G It 
( O F  1 (Psi) ( p s i )  (Psi) 

Dynamic 
Displacement (Hz) 
(Inches) 

0.001 50 40 
40 
30 
20 
15 
10 

0.002 50 

40 

30 

20 

15 

10 

0.0027 50 
40 
30 
20 
15 
10 

40 
70 
90 
40 
70 
90 
40 
7c 
90 
40 
70 
90 
40 
70 
90 
40 
70 
90 
40 

.44 
- 5 2  
.47 
.38 
.32 
.25 
.53 
-58 
.62 
.52 
. sa 
.61 
.47 
.53 
.57 
.38 
.41 
.47 
.32 
.33 
.39 
.25 
.24 
.28 
.53 
.52 
.47 
.38 
.32 
.24 

3597 
301 4 
2573 
21 68 
1949 
1757 
3294 
1472 
80 1 
2856 
1178 
660 
2426 
97; 
331 
201 7 
782 
41 4 
1824 
680 
366 
1632 
606 
2 98 
3292 
2852 
2438 
2026 
1828 
1655 

3064 
2670 
2328 
2029 
1856 
1705 
2909 
1206 
680 
2532 
1019 
562 
2196 
859 
402 
1888 
722 
374 
1737 
656 
334 
1584 
590 
287 
2 908 
2592 
2200 
1896 
1740 
1608 

1363 
1398 
1095 
765 
596 
423 
1545 
704 
423 
1322 
590 
345 . 

1030 
457 
262 
71 0 
2 98 
177 
558 
220 
13G 
393 
140 
79.7 

1544 
1319 
1032 
71 4 
558 
392 
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TABLE V (continued) 

DYNAMIC SHEAR MODULUS OF LIVE TP-H1123 PROPELLANT 
TEST DATA FOR VARIOUS DYNAMIC .DISPLACEMENTS 

Frequency Temperature tan6 I G I G' G " 
(Hz 1 (OF) (ps i )  ( p s i )  (Psi; 

Dynamic 
Displacement 
( I I1C hes 1 

0.033 50 

40 

30 

20 

15 

10 

0.004 50 

40 

30 

20 

15 

10 

70 
90 
70 
90 
70 
90 
70 
90 
70 
90 
70 
90 
70 
90 
70 
90 
70 
90 
70 
90 
70 
90 
70 
90 

- 

.58 

.62 

.58 

.61 

.53- 

.57 

.42 

.48 

.34 

.43 

.24 

.30 
-57 
.52 
.56 
.61 
.52 
.47 
.42 
.47 
.35 
.39 
.27 
.27 

1289 
793 
1089 
655 
904 
526 
733 
397 
699 
322 
547 
277 
1315 
777 
1106 
645 
908 
398 
726 
398 
636 
343 
555 
288 

1116 
674 
942 
559 
797 
458 
676 
357 
61 8 
295 
532 
265 
1140 
663 
960 
552 
807 
360 
669 
360 
601 
320 
539 
2 78 

645 
41 7 
s44 
342 
425 
259 
203 
173 
209 
128 
127 
80.3 
656 
406 
542 
335 
41 6 
169 
282 
169 
208 
125 
148 
79.0 
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TABLE V I  

DYNAMIC SHEAR MODULI OF H-13 INERT PROPELLANT 
TEST DATA FOR VARIOUS DYNAMIC DISPLACEMENTS 

Frequency Temperature tan6 IG) G' G " Oynami c 
Displacement 
( Inches 1 (W ( O F )  ( P s i )  (Psi) ( P s i )  

0.002 

15 

10 

50 

40 

30 

0.001 1 50 40 
70 
90 

40 40 
70 
90 

30 40 
70 
90 

20 40 
70 
90 
40 
70 
90 
40 
70 
90 
40 
70 
30 
40 
70 
90 
40 
70 
90 

.52 

.64 

.77 

.51 

.63 

.77 

.50 

.58 

.73 

.46 

.47 

.63 

.44 

.41 

.55 

.41 

.31 

.43 

.52 

.64 

.58 

. 5 1  

.63 

.56 

.47 

.57 

.5 

2504 
998 
710 

21 97 
836 
599 

1909 
678 
494 

1642 
533 
398 

1510 
463 
349 

1382 
400 
305 

?292 
995 
61 6 

1981 
837 
507 

1676 
680 
407 

2220 
841 
561 

1953 
7 08 
473 

1707 
580 
397 

1486 
482 
335 

1331 
428 
304 

1277 
382 
280 

2030 
8 38 
532 

1764 
708 
443 

1514 
592 

1153 
538 
430 
998 
445 
364 
849 
340 
290 
689 
22 7 
21 1 
604 
175 
148 
51 9 
118 
119 

106q 
5 36 
31 0 
897 
445 
247 
71 4 
336 

364 182 
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TABLE V I  (continued) 

DYNAMIC SHEAR MODULI OF H-13 INERT PROPELLANT 
TEST DATA FOR VARIOUS DYNAMIC DISPLACEMENTS 

Frequency Temperature tan G G '  G " Dynamic 
Displacement 
(Inches ( H d  ( O F )  ( P s i )  ( p s i )  (psi)  

0.003 50 
40 

30 
20 
15 

1s 

0.002 20 40 .43 1391 1277 545 
70 .47 536 484 228 
90 .44 31 5 288 126 

15 40 .36 i252 1177 422 

70 . .31 396 378 116 
90 .33 232 220 72.5 
70 .77 946 751 575 

.75 796 636 478 

.73 648 524 382 

.61 506 433 262 

.50 439 392 197 
- .37 371 349 130 
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TABLE VI1 

DYNAMIC SHEAR MODULI OF TP-H1123 LIVE PROPELLANT 
AS AFFECTED BY VARIOUS STATIC DISPLACEMENTS 

Static 
Displacement (inches) 

Frequency 
0 

50 
40 
30 
20 
15 
10 

50 
40 
30 
15 
IO 

50 
40 
30 
20 
15 
10 . 

0.0098 

1153 
982 
828 
694 
62 7 
558 

656 
55 1 
42 1 
197 
122 

1327 
1126 
929 
745 
6 57 
571 

0.0177 0.0217 

G' (psi) 

1178 1163 
1003 992 
850 839 
723 71 8 
650 650 
588 582 

G" (psi 1 
674 663 
565 5 58 
433 42 7 

2 04 204 
128 8 L l  

1 0 -  

J G I  (psi ) 

1357 1339 
1151 1138 
954 941 
777 771 
681 681 
602 596 

0,0197 

1153 
982 
828 
6 94 
627 
558 

556 
551 
421 
197 
122 

1327 
1126 
923 
745 
657 
871 

Note: Tested at 70°F, ambient pressure and a dynamic displacement 
o f  0.002 inch peak to peak. 
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DYNAMIC SHEAR MODULI OF H-13 INERT PROPELLANT 
AS AFFECTED BY VARIOUS STATIC DISPLACEMENTS 

S ta t i c  
D i  spl acerrtent (inches) 0.021 7 

Frequency 
(tit) 

50 
40 
30 
20 
15 
10 

50 
40 
30 
20 
15 
10 

50 
40 
30 
20 
15 
10 

1046 
899 
765 
652 
583 
5 32 

602 
506 
393 
261 
195 
121 

1207 
1032 
860 
702 
61 9 
546 

0.0098 0.0086 0.0017 

G ' (ps i )  

986 1076 1001 
837 925 853 
706 7 98 722 
589 675 594 
52 3 61 7 535 
47 7 554 471 

G" (ps i  ) 

557 624 
464 524 
359 41 2 
234 27 1 
173 205 
108 128 

G*(psi) 

1132 1244 
957 1063 
792 898 
634 727 
551 650 
489 569 

568 
475 
368 
243 
177 
107 

11 51 
976 
81 0 
642 
564 
483 

Note: Tested a t  70°F and ambient pressure. 
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I I '  

Figure 1 1  Dynamic Shear Yodulus Versus Temperature Reduced 
Frequency for TP. H1123 and H-13 Propel 1 ant 
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TABLE X 

DYNAMIC SHEAR MODULUS, G ' ,  VERSUS FREQUENCY AT 9O0F 

M I X  
(991 0- 1 5 

053 

057 

059 

060 

06 1 

062 

407 
455 
328 

MEAN 297 
STD-DEV. 64 

298 
356 
278 

MEAN 311 
STD-DE'/. 41 

291 
291 
327 

MEAN 303 
STD.DEV. 21 

41 6 
340 
268 

MEAN 341 
STD.DEV. 74 

238 
360 
429 

MEAN 359 
STD.DEV. 71 

357 
334 
325 

MEAN 339 
STD.DEV. 17 

SRAND MEAN 542 
STD.DEV. 55 

10 

525 
550 
425 
500 
66 

435 
440 
365 
41 3 
42 

390 
400 
420 
403 
15 

549 
450 
355 
451 
97 

400 
449 
532 
460 
67 

430 
437 
41 0 
426 
14 

442 
59 

FREQUENCY (Hz 1 
15 

635 
670 
52 1 
609 
78 

545 
535 
460 
51 3 
46 

485 
480 
51 5 
493 
19 

654 
5 67 
450 
557 
102 

520 
555 
642 
57 2 
63 

535 
538 
5 00 
524 
21 

545 
66 

20 

742 
782 
625 
71 6 
82 

660 
635 
560 
61 8 
52 

58 7 
566 
630 
594 
33 

785 
669 
550 
668 
118 

628 
660 
7 60 
683 
69 

647 
648 
60C 
632 
27 

652 
73 

30 

965 
1020 
83C 
938 
98 

880 
830 
749 
820 
66 

785 
7 54 
840 
793 
44 

1030 
890 
750 
8 90 
140 

e62 
883 
990 
s12 
69 

860 
845 
8 00 
835 
31 

865 
88 

40 

1190 
1160 
1030 
1160 
118 

1080 
1030 
950 
1020 
66 

1260 
1100 
948 
1100 
156 

1090 
1110 
1230 
1140 
76 

1099 
1110 
1230 
1140 
76 

1080 
1050 
1000 
1040 
40 

1080 
101 

50 

1450 
1590 
270 
440 
160 

31 0 
280 
190 
1260 
62 

1210 
1180 
1290 
1230 
57 

1530 
1340 
1150 
1340 
190 

1360 
1400 
1530 
1430 
89 

1360 
1300 
1220 
1290 
713 

1330 
128 
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TABLE XI 

DYNAMIC SHEAR MODULUS, G",  VERSUS FREQUENCY AT 90°F 

FREQUENCY (Hz) 
M I X  
(9910-) 5 10 15 20 30 40 50 

053 24 3 321 400 500 690 :70 1100 
240 320 41 7 51 5 718 325 1170 
177 21 0 294 375 555 730 931 

MEAN 220 284 370 463 654 842 1970 
STD-DEV. 37 64 67 77 87 101 123 

057 167 235 31 5 409 590 785 1000 
235 280 350 430 595 760 941 
156 195 260 340 5 00 670 8 58 

MEAN 186 2 37 308 393 562 7 38 933 
STD.DEV. 43 43 ?.S 47 53 60 71 

059 176 21 9 280 360 5 30 7 00 878 
160 21 7 281 343 505 692 878 
175 225 305 395 525 760 954 

: ;;AN 170 220 289 366 537 71 7 903 
STD.DEV. 9 4 14 27 35 37 44 

060 180 27 5 37 0 465 661 860 1060 
175 2 30 31 2 405 600 797 1000 
151 200 265 35@ 51 0 682 851 

MEAN 169 235 31 6 407 590 780 97 0 
STD.DEV. 16 38 53 53 76 90 108 

06 1 136 21 5 305 400 590 770 990 
149 205 290 385 580 777 1020 
186 262 355 455 646 850 1060 

MEAN 157 227 31 7 41 3 605 799 1020 
STD.DEV. 26 30 34 37 36 44 35 

062 7 65 249 21 7 395 563 7 47 975 
165 220 300 38 0 552 726 920 

MEAN 162 233 302 382 552 724 928 
STD.DEV. 5 17 14 13 12 24 4 3 

156 220 290 370 540 700 ago 

GRAND MEAN 177 239 31 7 404 55 3 967 97 1 
STD.DEV. 31 38 44 51 62 72 88 
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TABLE X I 1  

DYPAMIC SHEAR MODULUS, G ' ,  VERSUS FRLQUENCY AT 70°F 

M I X  
(9910-) 5 

053 597 
57 5 
680 

MEAN 61 7 
STD.DEV. 55 

057 570 
550 
634 

MEAN 585 
STD.DEV. 44 

059 484 
597 
650 

MEAN 577 
STD.DEV. 85 

060 61 6 
604 
544 

MEAN 588 
STD.DEV. 39 

06 1 564 
582 
650 

MEAN 61 2 
STD.DEV. 68 

062 61 1 
546 
551 

MEAN 569 
STD.DEV. 36 

GRAND MEAN 591 
STD.DEV. 51 

10 

?75 
722 
875 
792 
76 

71 4 
750 
740 
735 
19 

650 
740 
827 
739 
89 

800 
790 
680 
7 57 
67 

739 
700 
900 
780 
106 

7 50 
7 00 
705 
718 

28 

753 
65 

FREQUENCY (Hz ) ,  

15 

91 0 
91 2 

1050 
960 
78 

850 
900 
890 
880 

26 

81 2 
875 

1000 
896 

96 

950 
960 
830 
91 3 

72 

900 
840 

1080 
940 
125 

875 
860 
867 
867 

a 

909 
74 

20 

1060 
1080 
1220 
1120 

87 

1000 
1050 
1050 
1030 

29 

950 
1025 
1160 
1040 
106 

1100 
1120 
970 

1068 
81 

1080 
990 

1260 
1110 
137 

1020 
1920 
1010 
1020 

6 

1060 
83 

30 

1350 
1360 
1530 
1410 
101 

1270 
1350 
1350 
1320 

46 

1250 
1300 
1500 
1350 
132 

1420 
1440 
1280 
1380 

87 

1410 
1280 
1600 
1430 
161 

1320 
1320 
1300 
1310 

12 

1370 
97 

40 

1640 
1750 
1850 
1710 
118 

1570 
1670 
1670 
1640 

58 

1550 
1580 
1830 
1650 
154 

1740 
1750 
1580 
1690 

95 

1750 
1580 
1940 
1760 
180 

1620 
1640 
1620 
1630 

12 

1680 
109 

50 

2000 
1950 
2240 
2060 

155 

1920 
2000 
2020 
1980 

53 

1940 
1890 
2230 
2020 

184 

21 30 
21 00 
1940 
2060 

102 

2200 
1950 
2350 
21 70 
202 

1900 
2020 
2000 
1970 

64 

2040 
135 
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TABLE xIIr 

DYNAMIC SHEAR MODULUS, G",  VERSUS FREQUENCY AT 70°F 

FREQUENCY (Hz) 

MIX 
(9910-) 5 

053 350 
347 
403 

MEAN 367 
STD.DEV. 32 

057 264 
225 
31 0 

MEAN 266 
STD-DEV. 43 

059 220 
259 
300 

MEAN 260 
STD.DEV. 40 

060 267 
275 
247 

MEAN 263 
STD.DEV. 14 

061 256 
252 
300 

MEAN 269 
STD.DEV. 27 

062 278 
250 
239 

MEAN 256 
STD.DEV. 20 

GRAND MEAN 280 
STD.DEV. 48 

1c 
525 
4 30 
51 4 
490 
52 

367 
356 
400 
374 
23 

340 
350 
440 
3?7 
55 

41 5 
41 0 
350 
3 92 
36 

400 
325 
440 
388 
58 

370 
343 
356 
356 
14 

396 
57 

15 

660 
560 
650 
623 
55 

475 
475 
525 
492 
29 

466 
460 
570 
499 
62 

545 
550 
465 
520 
48 

540 
440 
575 
51 8 
70 

482 
465 
48C 
476 
9 

52 1 
65 

20 

792 
67 5 
775 
747 
63 

600 
600 
640 
61 3 
23 

575 
57 5 
720 
623 
84 

675 
680 
580 
645 
56 

690 
550 
71 5 
652 
89 

624 
600 
624 
61 6 
14 

649 
70 

30 

1020 
925 
1040 
995 
61 

850 
850 
900 
867 
29 

825 
820 
973 
873 
87 

930 
950 
840 
907 
59 

955 
800 
1000 
91 8 
105 

860 
850 
890 
867 
21 

904 
73 

40 

1250 
1180 
1280 
1240 

51 

1114 
1125 
1190 
1140 
41 

1070 
1060 
1250 
1130 
107 

1200 
1230 
1090 
1170 
74 

1240 
1040 
1290 
1190 
132 

1120 
1120 
1180 
1140 

35 

1170 
79 

50 

1450 
1460 
1580 
1500 
72 

1385 
1400 
1550 
1440 
95 

1350 
1350 
1520 
1410 
98 

500 
570 
360 
460 
84 

540 
1310 
1620 
1490 
161 

1410 
1420 
1480 
1440 

38 

1460 
. :9 
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TABLE X I V  

G ’ ,  VERSUS FREQUENCY AT 40°F DYNAMIC SHEAT; MODULU- 

FREQUENCY (Hz) 
M I X  
(9910-) . 5  

053 

MEAN 
STD . DEV . 

057 

MEAN 
STD. DEV . 

059 

MEAN 
STlj .  DEV . 

060 

MEAN 
STD . DEV . 

061 

MEAN 
STD . DEV . 

062 

MEAN 
STD . DEV . 

GRAND MEAN 

1480 
1530 
1550 
1520 
36 

1540 
1480 
1560 
1530 
42 

1410 
1580 
1540 
1510 
89 

1740 
1670 
1400 
1600 
180 

1620 
1660 
1600 
1630 
31 

1590 
1610 
1470 
1560 
76 

1560 
STD . DEV . 89 

10 

1: 770 
1940 
1920 
1830 
93 

1880 
1790 
1930 
1870 
71 

1760 
1960 
1920 
1880 
106 

21 10 
2050 
1720 
1960 
21 0 

2000 
2 080 
1990 
2020 
49 

? 940 
1990 
1810 
1910 
93 

1920 
113 

15 

21 00 
2300 
2290 
2230 
113 

2220 
21 30 
2270 
221 0 
71 

21 00 
2300 
2280 
2230 
110 

2480 
2430 
2070 
2330 
2 24 

2380 
2470 
2380 
2410 

52 

2300 
2340 
21 60 
2270 
95 

2280 
127 

20 

2440 
2620 
2540 
2570 
110 

2560 
2450 
2590 
2530 
74 

2420 
2640 
2640 
2570 
127 

2850 
2820 
2420 
2700 
240 

2740 
2830 
278C 
2780 
45 

27 00 
271 0 
2500 
2640 
118 

2630 
144 

30 

31 00 
3260 
3340 
3230 
122 

3260 
3180 
3280 
3240 
53 

3110 
3400 
141 0 
331 0 
170 

3580 
3540 
31 20 
341 G 
255 

351 0 
2570 
3420 
3500 
75 

3530 
3 100 
3250 
3390 
140 

3350 
161 

40 

3800 
3900 
4060 
3920 
131 

4000 
3880 
4060 
3980 
92 

3860 
41 40 
41 80 
4060 
174 

4280 
4289 
3930 
41 60 
202 

4280 
4460 
41 50 
4300 
156 

4370 
4090 
4400 
41 90 
159 

41 00 
186 

50 

4820 
4850 
4920 
4860 

51 

5040 
5000 
5020 
5020 
20 

4800 
51 60 
51 20 
5030 
197 

51 20 
5240 
4860 
5070 
i 94 

5250 
5400 
5700 
5250 
150 

5300 
5000 
5030 
51 10 
165 

5060 
171 
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TABLE XV 

DYNAMIC SHEAR MODULUS, G", VERSUS FREQUENCY AT 40°F 

FREQUENCY (Hr) 

M I X  
(9910-) 

053 

MEAN 
STD . DEV . 

057 

MEAN 
STD . DEV . 

059 

YEAN 
STD . DEV . 

060 

MEAN 
STD. DEV . 

06 1 

MEAN 
STD . DEV . 

062 

MEAN 
STD. DEV . 

5 

626 
633 
640 
633 

? 

606 
601 
730 
646 
73 

565 
672 
630 
622 
54 

685 
660 
57 7 
641 
56 

037 
652 
61 0 
633 
21 

625 
659 
609 
631 
26 

GRAND MEAN 634 
STD.DEV. 39 

10 

832 
870 
890 
864 
29 

820 
850 
91 5 
862 
49 

7 96 
91 0 
9 i  3 
873 
67 

950 
900 
792 
88 1 
81 

849 
853 
800 
833 
29 

885 
930 
81 0 
875 
61 

865 
50 

15 

1030 
1070 
1100 
1070 
35 

1030 
1050 
1120 
1070 
47 

1000 
i 120 
1140 
1090 
76 

1170 
7 040 
1020 
lli0 
79 

1070 
1050 
1000 
1040 
36 

1110 
1150 
1020 
1090 
67 

1080 
55 

20 

1240 
1280 
1310 
1280 
36 

1240 
1280 
1330 
1280 
45 

1220 
1340 
1380 
1320 

Lo: 

1400 
1380 
1220 
1330 
99 

1290 
1280 
1210 
1260 
44 

1340 
1340 
1240 
1310 
58 

1730 
65 

30 

1640 
1690 
1710 
1680 
36 

1660 
720 
76C 
71 I? 
50 

680 
780 
1820 
1760 

72 

1810 
1320 
1680 
1770 
75 

1730 
1720 
1610 
1690 
67 

1800 
1780 
650 
1740 
81 

1730 
66 

40 

2040 
21 00 
21 00 
2080 
35 

2080 
21 60 
2; 70 
21 40 
49 

21 00 
2200 
2250 
2180 
76 

2220 
2260 
21 20 
2200 
72 

21 60 
21 70 
2020 
21 20 
84 

2240 
2060 
2070 
21 20 
10: 

21 40 
74 

50 

2440 
2520 
2490 
2480 
40 

2570 
?E60 
2720 
2650 

75 

2640 
2680 
2730 
2680 
45 

2650 
281 0 
2660 
271 0 
90 

2670 
2720 

20-3 
+5 

2250 
2400 
2550 
2570 
176 

2630 
1 1 1  

2-70 
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3 . 3  ROCKWELL INTERNATIONAL TESTS 

The Space D iv is ion  of Rockwell In te rna t iona l  has conducted 

dynamic shear modulus tes ts  i n  support of the Quarter Scale GVT, 

program [8,9]. 

and was suppl i e d  by CSD. 

The pmpel lan t ,  which i s  i n e r t ,  i s  designated UTI-610A 

The specimen dimensions were' 4 inch by 4 inch by 1 inch  th ick .  The 

One o f  the four inch square surfaces were bonded t o  aluminum plates.  

p la tes was clamped t o  a r i g i d ,  f i x e d  support and the other p l a t e  was 

subjected t o  _ _  f i t ro l  l e d  s inusoidal  forces. 

67°F from 10 t o  200 Hz w i t h  force amplitudes o f  - -  +1, + 2, - +4 and - +8 

pounds ( i .e.,  average shear stresses o f  0.0625, 0.125, 0.250 and 0.500 

p s i ) .  

motion o f  the specimen along a l l  three axes and r o t a t i o n  about the three 

axes. 

frequency and load ar?d i n  Table X V I I  as L. 

dynamic shear s t r a i n  leve l .  

a t  the s t r a i n  leve ls  tested. 

Tests were conducted a t  

Test data was obtained from accelerometers used t o  measure the 

Test r e s u l t s  are presented i n  Table X V I  as a funct ion of 

w t i o n  of frequency and 

The r e s u l t s  show s i g n i f i c a n t  non l i nea r i t i es  
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2070 800 
2600 980 
3330 1370 
4010 1750 
4450 2030 
4990 2380 
5350 2640 

TABLE X V I  

UTI-610A DYNAMIC SHEAR MODULUS VERSUS FREQllENCY AT 67°F 

1900 790 
2330 905 
2920 250 
3470 590 
3850 1830 
4290 2140 
4600 2370 

+ 2 l b  - - + 'T l b  + 8 l b  - Freauen 
~~ ~ ~ 

G' G 'I 

2070 800 
2730 1000 
3570 1410 
4310 1830 
4840 2120 
5440 2500 
5890 2740 

G " I G' G I' G' G 'I G' 
iHz 1 
10 
20 
40 
70 

100 
150 
2 90 

2280 805 
2980 1100 
3930 1540 
4800 2000 
5360 2300 
6040 2700 
6500 3000 

TP.BLE X V I I  

UTI-610A DYNAMIC SHEAR MODULUS, G I ,  VERSUS 
DYNAMIC SHEP? FTRF,IN AT 67°F 

20 

3000 
2950 
2750 
2550 
2250 

40 

4000 
3850 
3550 
31 50 
2650 

100 

5450 
5200 
4600 
4000 
3300 

150 

5950 
5550 
4850 
41 70 
3450 

70 

48 00 
4600 
41 00 
365C 
3000 

( X I  

0.001 
0.002 

0.005 
0.01 
0.02 
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IV. DYNAMIC CHARACTERIZATION OF TP-H1148 PROPELLANT 

Static and dynamic mechanical characterization tests were conducted 

by CSD under sub-contract to W. L. Hufferd & Associates. Dynamic shear, 

constant rate to failure and stress relaxation proper%ies were measured 

on six batches of the Space Shuttle SRM solid propellant (-6,-7,-8,-9, 

-9970096, -9970115) supplied to CSD by Thiokol/Wasatch Division. 

final report for this work [18] is included as Appendix A to this 

report. 

following sub-sections. 

The 

The dynamic shear modulus test results are sumnarized in the 

4.1 TEST EQUIPMENT AND TEST PROCEDURE 

Small strain dynamic shear properties of solid propellants and 

other low modulus materials are routinely measured at CSD using a 

piezoelectric transducer device. 

device and the associated electrical equipment are presented in Figures 

12 :'.rough 14. The device employs a stack of piezoelectric crystals as 

t . 7 ~  dy-iatnic driver source. 

toe S Q ? , ~  propellant sample as shear and the output load is measured 

;sing ;! single piezoelectric crystal wnich functiorls as a load cell. 

The dynamic shear test device provides a direct measurement of 

dynamic properties as a function of frequency and test temperature. 

Equipment is calibrated using stainless steel rings inserted between the 

piezoelectric driver stack (Figure 13) and the readout crystal to 

Illustrations of the dynamic test 

This dynamic strain is transmitted through 
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Driver 
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crystal 
stack 
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A. Calibration 6. Specimen 

Figure 13. Schematic of Calibration Setup and Specimen 

F i g u ~  14. Eloatrid Equipment for Dynaalo Show T e a t  
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calibrate the test device 'ver a wide frequency range. 

tests the output signal and the phase angle are measured to determine 

the dynamic properties of the propellant over the desired frequency 

and test temperature ranges. 

During propellant 

Both the dynamic strain amplitude and the static compressive strain 

levels can be varied to determine the modulus sensitivity to various 

loading conditions. 

4.2 TP-H1148 PROPELLANT DATA 

Dynamic shear modulus behavior was measured for each of the six 

batches of Shuttle SRM propellant. 

evaluated at three static and three dynamic strain levels. Test data 

for one strain level were obtained for each batch of propellant at 

go", 72" and 40" F. 

Production batch No. TP-H1148-9 was 

Dynamic modulus curves are presented in Figures 15, 16, and 17 for 

batch No. TP-H1148-9 at 0.001% dynamic strain and static strain levels 

of 3%, 6% and 12%. A comparison of G' curves for each of these tests 

is presented in Figure 18. 
batch No. TP-H1148-9 illustrates the dynamic modulus increase with 

comoressive static strain levels: 

Static strain sensitivity at 100 Yz for 

Compressive Strain, % G', psi 

3 2,070 

5.8 2,950 

12 6,250 

where temperature = 72" F, and dynamic strain = 0.001%. 
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10,Ooo 

Figure  1 5. bster Dynamic Shear Mdulus for Batch tio. TP-HI 148-9 a t  3% 
Static and 0.001 Dymmio Strains 

& 

lm 

Pigtwo 15. b a t o r  opnrnio Shear Ibbulua for Batoh lo. TP-H1148-9 a t  6% 
St8tlo urd 0.OOlS ppnuio S t n i n s  
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1 .ooo 

1 10 100 1 ,ooo 
Frtqusrlcy (@AT), Hz 

10,900 100,ooO 

Figure 17. Fhstei* Dynam.lo Shear Modulus for Batch No. TP-H1148-9 at 12% 
Statio and 0.001% Dynamio S t r a w  

1 10 

Figure 18. Caapartaon of Statio Strain Lev& %a Ntoh 100. TP-81148-9 
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Test data i n  Figures 15, 16 and 17 shows tha t  6' ac tua l l y  drops 

lower than G" a t  the 90°F t e s t  temperature f o r  the 3% and 6% s t a t i c  

strains.  The s o f t  propel lant  a t  90°F i s  absorbirg a l a rge r  percentage 

o f  the energy input  t o  the sample. 

Empirical s h i f t  factors  f o r  the three temperatures worked wel l  a t  

a l l  three s t r a i n  leve ls  (Figure :9). 

DynJmic shear moduli as a funct ion of dynavic s t r a i n  l eve l  was 

measured and i s  presented i n  Figures 20 through 23. The res1 p a r t  of 

the dynamic modulus increases with decreasing s t r a i n  l eve l  but  the t o t a l  

range i n  modulus i s  less than a 50% var ia t ion.  This i s  a much smaller 

amplitude change than experienced w i th  s t a t i c  s t r a i n  var iat ions.  

Dynamic modulus t e s t  resu l t s  f o r  the  other batches o f  TP-H1148 

propel lant  are presenteu i n  Fi2ures 24 through 28. 

very s im i la r  t o  the major batch (-9). .The rea l  p a r t  o f  the dynamic 

modulus -qr each o f  the s i x  batches i s  cresented i n  Figure 29. 

These batches were 

The rea l  p a r t  o f  the dynamic modulus f o r  each batch a t  190 Hz i s  

given below: 

Gatch No. GI, ps i  a t  100 Hz 

99701 15 3,100 

-9 2,120 

-7 2,120 

-8 2,iOO 

9970096 1,900 

-6 i ,8OC 

3atch No. 9970115 has the highest dynamic modu1l;s w i th  the others being 

c l x e  :ogether; batch KO. TP-H1148-6 i s  the lowest. 
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Figure 19. Shift 
W - i C  

3.5 4.0 4 5  
ld - 
K 

Factor. for Batch No. TP-H1148-9 at 0.001% 
and 3% Static Strain Levels 

6o.m I - Strain - SymW T’mperatun:F Log AT Static.% I Dynamic.% 
* 

40 1.78 
72 0 

0 00 4.85 

3.15 
2.9 
29 

10 

Figure 20. Haoter Dynamic Shear Hodulur for Batch No. TP-H114a-9 at 3% 
Stat i c  ud O.OOol% DyMmlc Strain 
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Figure 23. Corpertron of Shear Modulus for Batch No. TP-81168-9 a t  12% 
Static and Different Dpnapric Strain tevslr 
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1o.Ooo 

1.Ooo 

100 
1 10 100 1 ,000 1O.OOO 100.000 

Freqwn~y (GAT). Hz 
Figure 24. a r t e r  Dynamic Shear Hodulua for Batch No. TP-H1148-6 

at 3X Stat i c  a d  0.001% Dynamic Strains 

1 10 1o.Ooo 10O.Ooo 

i y r a  25.- &rkr Shear Mulur for Batch No* TP-H1148-7 
at  32 Stat i c  .ad 0.001% Dpamic Strain. 
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1 10 lo0 1 .ooo lo.m 1o0.am 

ht.;~ency (QAT). Hr 
Figure 26- &ater Dynamic Shear riodului ’for Batch No. TP-Til148-8 

at 3Z Static and 0.GOlX Dynamic Strains 

1 10 loo 1 .a00 1o.m 1QooO 
Fnquauy (OAT). Hr 

a t  A Stat i c  and 0.001% Dynamic Strainr 
Figure 27. %Iter Dyrumic Shear M u l u r  for Batch No. TP-E1148-9970096 
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Figure 28. Master Dgaamic Shear Modulus for Batch No. TP-H1148-9970115 
at 3% Static and 0.001% Dynamic Strains 
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Figure 29. Betveen Batch Comparlron of Propellant TP-E1148 
Real Part of Dynamic Shear Modulus a t  3% Static and 

0.001% Dynamic Strains 
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The r e a l  and imaginary p a r t  of t he  dynamic shear modulus values 

a t  50 Ht are given i n  Table X V I I I  f o r  batch -9 and able X I X  f o r  the 

other f i v e  batches. 

Val ues. 

Ind iv idual  values are l i s t e d  a ong w i t h  mean 

4.3 DISCUSSION OF TEST RESULTS 

The t e s t  data obtained show very small batch-to-batch propel lant  

v a r i a b i l i t y  and excel lent  sample-to-sample r e p r o d u c i b i l i t y .  

modulus values are sens i t i ve  t o  the s t a t i c  compressive s t r a i n  l e v e l  as 

wel l  as dynamic s t ra in .  

t he  small s t r a i n  dynamic shear t e s t  specimens which may expla in  the 

l a r g e r  dat, w i a b i l i t y  than observed w i t h  the l a r g k r  t e s t  specimens 

used f o r  the other t e s t  modes. 

The t e s t  s t r a i n  l eve l s  covered 0.001% t o  3% and, correspondingly, 

Dynamic 

Some f u e l  pockets and voids were observed i n  

a large modulus range. This s t r a i n  range should be appl icable t o  the 

Shut t le  SRM dynamic loading condi t ions.  Speci f ic  modulus values f o r  

dynamic analyses car( be selected from the ava i l ab le  data by de f i n ing  

the propel lant  s t ra i r !  range and then used w i t h  avai lab le NASTRAN 

computer analysis resu l t s .  

The compressive s t r a i n  condi t ion o f  the dynamic shear sample 

resembles the SRM motor loading dur iqg i g n i t i o n  as the propel lant  gra in  

w i l l  be i n  compression from the i n t e r n a l  pressure and a shear load w i l i  

be superposed due t o  g rav i t y ,  loading and accelerat ion. 

dynamic shear t e s t  [19,20] i s  more appropriate f o r  determining propel- 

l a n t  dynamic proper t ies than the Gottenberg d i sk  and other dynamic 

This p a r t i c u l a r  
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tests  inasmuch as large s t ra in  gradients e x i s t  through the t e s t  

sample which are not representative of the Space Shutt le  SRM 

conditions. 
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V .  SRM PROPELLANT DYiJAMIC RESPONSE MODEL 

When considering the stress-strain relation of an elastic materia! , 
it is evident that for a particular value of stress there is associated 

a particular value of strain, and regardless of the length of time that 

the stress acts on the body, or what fiath was followed in applying it, 

the strain remains constant. In viscoelastic materials, on the other 

hand, when a stress is applied to ths body, the strain state depends 

upon the manner in which the stress is applied; that is, whether the 

load is applied rapidly or slowly. Thus, the history o f  loading, as 

well as the magnitude of the load must be considered in describing the 

response of a viscoelastic material. In addition, a viscoelastic body 

will not maintain a constant deformation under a constant stress, 

regardless of the loading pattern; rather, it will deform or creep 

with time. 

the stress necessary to hold it constrained gradually diminishes or 

relaxes with time. 

Also, if such a body is constrained at constant deformation, 

The stresses and strains at a point in a viscoelastic body may 

thus be expected to vary with time, or the frequency o f  loading. 

consequently, also with temperature, as will become evident. 

And 

The following paragraphs discuss procedures for representing the 

viscoelastic response properties of sol id propellants in general and 

TP-H1148 in particular. Additional details and justification of the 

appl icabil i ty of the procedures to sol id propel lants are presented in 

References 12 to 15. The development herein is in terms o f  the modulus 
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of the material. Completely analogous results can be obtained employ- 

ing the creep compliance representation of the response. 

5.1 GOTHERMAL RESPONSE 

A convenient representation for the uniaxial (or shear) stress, 

u, in a linear viscoelastic material is the so-called integral or 

relaxation formulation which, for the isothermal case, has the f o rm 

t 

u (t) =I Erel (t-t) dt dr 

where Erel ( t - T )  is the relaxation modulus i n  tension (or shear) and 

e(t) is the imposed strain history. 

The relaxation modulus is defined as the stress decay associated 

with a step input strain go. With E = E ~ H ( T ) ,  Equation (1) becomes 

or 

where (T) is he Heavis'de unit stop function and 6 ( ~ )  is IV Dirac 

delta function. 

For a constant striin rate test, with strain rate R ( E  = Rt), 

Equation (i) yields 

o i t )  = R 1 t E,,, (tor) dr 
( 4 )  
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Differentiating Equation (4) with respect to time, t, gives 

or 

Thus, the relaxation modulus for a linear viscoelastic material can 

be deduced from differentiation of the stress-strain curve i r  a constant 

rate test. 

An a1 ternative method o f  measuring and expressing, viscoelastic 

behavior i s  by considering steady-sti-e response to forced vibrations. 

Creep and relaxation experiments are not capable of providing complete 

information concerning the mechanical behavior of viscoelastic solids. 

In certain cases the response of a structure is sought to a loading 

far times substantially shorter than the lower lim.it of time o f  usual 

creep or re 1 axa t i on exper i m w  ts . 
For a linear system, botn stress and strain will vary sii.*!;cidally 

with the same frequency as the forcing frequency: 
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If the inptit to a linearly viscoelastic material i s  an oscillatory 

stress. 

ther the strain reb+oilse w'll be an osrillation at the same frequency 

as the stress, h t  lagging bshfnd by a phase angle 6. Thus, 

i (wt-6) 
C(W) = E,, e 

where EG i s  the strain amplitude. 

the loss angle and is a function o f  the interne1 c. iction. 

.mve2ient to write Equation (7) in tne form 

The phase angle, 6, i s  often called 

It i s  

- S B  icr;t  - i w t  e i w )  = ie, e )e - e*e 

where E *  i s  the complex strain amplitude defined by 

e* = Eo e-'Y = go(:os6 - 1 sin61 
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If  the i n p u t  i s  an oscillatory strain, 

E ( t )  = Eo eiat 

then the stress response will lead the strain by the phase angle 6,  

where 

The complex dynamic modulus is defined as the osci l la tory stress 

response t o  an oscillatory strain i n p u t ;  t h a t  i s ,  

16 
E*(u) = - a* uo e 

0 €0 

0 (cos6 + i s in6)  
a 

= -  
EO 

where E';u) i s  i n  phase w i t h  the strain and i s  called the storage 

modulus 
U 

E'(u)  - O cos6 (14) 

For low or medium damping ,t!aterials :i' i s  nearly equal t o  the relaxation 

modulus. 
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The second term o f  the l a s t  l i n e  of Equation (13), E"(w), i s  

o f ten  ca l l ed  the loss modulus and i s  defined by 

E"(w) = - ' 0  sin6 
€0 

where 

Equation , :3 )  may a lso be w r i t t e n  i n  the form 

and 

-1 (E" 
ET) 6 tan 

The r a t i o  de f in ing  tan 6 i s  ca l l ed  the loss tangent o r  mechanical 

loss. It gives a d i r e c t  measure of the energy d iss ipa t ion  o r  damping 

charac ter is t i cs  o f  the materials. Fo r  an e l a s t i c  mater ia l  6 = 0, and 

E" = 0 g iv ing  r i s e  t o  an instantaneous response. For a viscous f l u i d  

6 = m and E' = 0 w i th  the response 90 degrees out o f  phase. A visca- 

e l a s t i c  s o l i d  has a loss tangent between these l i m i t s ;  i - e . ,  0 < 6 < =. 

A representation for  h e  complex dynamic modulus can be obtained i n  

terms a f  the stress re laxa t ion  modulus by subs t i t u t i ng  Equation (10) 

i n t o  Equation ( 2 ) .  Then, 

a ( t )  = E i w  (t-r) eiwT d t  0 



-72- 

Performing a change o f  var iables by l e t t i n g  u = t - T, Equation (19) 

becomes 

u(t)  = c i w  e (u) e-iw du 0 

o r  

Recal l ing the  d e f i n i t i o n  o f  the Laplace Transform, Equation (21) i s  

seen t o  be 

lhus, i f  the  s n s s  re laxa t ion  modulus i s  known, the dynamic 

modulus can be obtained by tak ing the Laplace transform, s e t t i n g  the 

transform var iab le equal t o  ( iw)  and mu l t i p l y ing  the r e s u l t  by ( i u ) .  

This observation i s  p a r t i c u l a r l y  useful i f  an exponential ser ies (Prony 

Series o r  D i r i c h l e t  Series) i s  used t o  represent the re laxa t ion  modulus 

i n  t h i s  case, 

where E, i s  the equi l ibr ium re laxa t ion  modulus, and Ek and T~ are 

constants chosen t o  f i t  the experimental data. 

determined from Eqgation (23) t o  be 

E '  and E" are read i l y  
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and 

However, t h i s  conversion does no t  work well f o r  s o l i d  propel lants  which 

usual ly  e x h i b i t  nonl inear modulus va r ia t i cns  [7,16,17]. 

Inasmuch as the  conversion o f  s t a t i c  t o  dynamic mater ia l  proper- 

t i e s  does not  work wel l  f o r  s o l i d  propel lants  and a lso due t o  the f a c t  

t h a t  most propel lant  data, inc lud ing the s h u t t l e  propel lant ,  e x h i b i t  

log- l inear  behavior over most o f  the time o r  frequency range o f  

i n te res t ,  i t  i s  o f t e n  more convenient t o  represent the re1a)ation and 

dynamic modul i as power laws, 

E ( t )  = Eo t-n 

' n'  €'(Lo) = Eo w 

(26) n I' E"(w) = E6 w 

where the exponent r e p r s e n t s  the slope of the modulus versus log  time 

o r  l o g  frequenq p l o t .  Equation (26) describes the dynamic response 
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o f  the  space shu t t l e  propel lant  p a r t i c u l a r l y  wel l  since we are 

concerned only  w i th  the response over a narrow temperature and 

frequency range. 

5.2 TIME-TEMPERATURE SUPERPOSITION 

The analyses o f  the  previous sect ion apply t o  isothermal condit ions, 

i.e., constant temerature condit ions, 

obta in  e i t h e r  re laxa t ion  data o r  dynamic data over the t ime scales and 

frequency ranges o f  p rac t i ca l  i n t e r e s t  i n  a s o l i d  rocket motw. 

order t o  obta in  data i n  these ranges the concept o f  time-lemperature 

superposit ion i s  rou t i ne l y  employed. 

geveral discussion. ) 

I n  pract ice,  i t  i s  impossible t o  

I n  

(See References 12 t o  15 f o r  a 

It has been widely found t h a t  temperature has the e f f e c t  o f  expand- 

i ng  o r  cont ract ing the  t i m e  scale of response v iscoe las t ic  mater ia ls  and 

tha t  an equivalence tetween t ime o r  frequency and temperatur? ex is ts .  

Time and frequency are roughly the inverse o f  one another so tha t  short  

time o r  high frequency response a t  one temperatwe corresponds t o  

ionger time o r  lower frequency response a t  a lower temperature. 

converse holds t rue a t  higher temperatures. 

propel lant  response a t  several temperatures, a t ime-tmperature s h i f t  

function, aT, r e l a t i n g  the equivalence o f  time o r  frequency and tempera- 

tu re  can be experiinentally determined by ho r i zon ta l l y  " s h i f t i n g "  the 

t e s t  data so tha t  i t  superimposes t o  form a s ing le  curve a t  some given 

reference temperature, asual ly 21 t o  25°C. The r e s u l t i n g  curve i s  known 

as the "master" response curve and i s  expressed i n  terms o f  temperature- 

reduced time, t /aT, i n  the case o f  the master re laxa t ion  modulus curve, 

The 

Thus, by obta in ing the 
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o r  i n  .;ems o f  temperature-reduced frequency, i d T ,  i n  the case o f  the 

master dynamic modul i curves. 

Thus, the previous analyses remain v a l i d  i n  terms o f  the master 

re laxa t ion  and dynamic moduli i f  time, t, and frequency, w, i n  the 

previous expressions are rep1 aced by temperature-reduced time, t/aT, and 

temperature-reduced frequency, aT, respect ively.  

A c0rmK)n ana ly t i ca l  representation o f  the s h i f t  factor f o r  amorphous 

polymers i s  known as the WLF Equation, which i s  based on f ree  volume 

considerations i n  the neighborhood o f  the glass t r a n s i t i o n  temperature, 

Tg [21]: 

-8.86 (T-Ts ) 

101.6 + T-T, 
l o g  aT = 

where T i s  measured i n  degrees Kelvin. 

A somewhat be t te r  representat ion o f  the temperature s h i f t  f ac to r  

f o r  s o l i d  prop2l lant  i s  obtained using the modif ied power law represen- 

t a t i o n  [14] 

aT T - Ta 
(27)  

where TR i s  the reference temperature, and Td i s  a charac ter is t i c  

temperature. The representation given by Equat im (27) i s  more conven- 

i e n t  f o r  analyzing propel lant  t e s t  data than the WLF equation. 
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V I .  ANALYSIS OF VARIANCE MODEL 

The problem o f  v a r i a b i l i t y  i n  sol i d  p rope l lan t  mechanical proper t ies 

has been known fo r  a long time. B i l l s  and Svob [22] discussed the  

' l lzrge s t a t i s t i c a l  var ia t ion"  i n  a composite propel lant  mechanical 

proper t ies as i re la tes  t o  establishmeqt o f  mechanical proper t ies 

c r i t e r i a .  Mar t i ,  M o r i l l  and Bersche [23] reported t y p i c a l  values o f  

the standard dev iat ion for  various mater ia l  proper t ies studied dur ing 

an aging prograa. 

from un iax ia l  and b i a x i a l  t e s t s  on propel lant ,  and Wiegand [25]  corre- 

l a t e d  maximum st ress and modulus f o r  un iax ia l  t e n s i l e  samples tested 

under various condi t ions o f  humidity and temperature and found a strong 

pos i t i ve  1 inear co r re la t i on  between st ress and modulus when p l o t t e d  on 

log- log paper. An app l ica t ion  o f  s t a t i s t i c s  t o  f a i l u r e  c r i t e r i a  was 

given by B r i a r  and Wiegand [261, and i n  another publ icat icn,  B r i a r  [27] 

pressntzd app l ica t ion  o f  Monte Car lo s imulat ion i n  modeling constant 

s t r a i n  f a i l u r e s  i n  s o l i d  oropel \ants.  More recent ly  s t a t i s t i c a l  tech- 

niques have beel; appl ied t o  the s t r u c t u r a l  analys is  of a cas t  double-base 

s o l i d  propel lant  g ra in  [28] and the  i n te rp re ta t i on  o f  elevated temperature 

data i n  connection w i th  propel lant  selv ice 1 i f e  predic t ions [29]. 

Yajerus [24] presented histograms o f  s t r a i n  ddta 

Many source5 . f  va r ia t i on  operate together t o  produce the  f i n a l  

v a r i z b i l i t y  i n  s o l i d  propel lan t  mechanical propert ies.  V a r i a b i l i t y  i n  

propel lant  ingredients, cura t ive  r a t i o ,  temperature and durat ion o f  cure, 

t e s t  sample machining, storage, hand1 ing, t es t i ng  and data reduct ion are 
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a l l  responsible f o r  the v a r i a b i l i t y  i n  the  f i n a l  propel lant  t e s t  data. 

This  v a r i a b i l i t y  may be c lass i f i ed  i n  two major components: 

(1)  v a r i a b i l i t y  due t o  inhomogeneities i n  the 

propel lant  (propel lant  variance). 

v a r i a b i l i t y  from a l l  other sources inc lud ing  

test ing,  machining, storage, handling, data 

reduction, etc.  (sampling variance). 

( 2 )  

The f i r s t  component, propel lant  variance, should be used i n  a s t a t i s t i c a l  

s t ress analysis since i t  represents ine actual  v a r i a b i l i t y  o f  the  

physical property of in te res t .  The second component does no t  character ize 

the propel lan t ,  but  occurs because the sampl i n g  procedure i s imperfect. 

The ob jec t ive  of the s t a t i s t i c a l  analyses of the SRM prope l lan t  t e s t  

data i s  t o  determine the  form o f  the  p r o b a b i l i t y  d i s t r i bu t i ons ,  the 

appl icable parameters o f  t he  probabi 1 i ty d i s t r i b u t i o n s  and the extent,  

i f  any, o f  cor re la t ions  between parameters. 

Previous experience w i t h  s o l i d  propel lants  ind icates t h a t  most data 

i s  normally d i s t r i b u t e d  and thus the d i s t r i b u t i o n  may be character ized 

by mean and variance. The a p p l i c a b i l i t y  o f  a normal d i s t r i b u t i o n  may 

be invest igated from cumulative frequency diagrams using the x -goodness- 

o f - f i t  test ,  and by inves t iga t ing  the  asymnetry o r  skewness and the 

kur tos is  o f  the assumed normal d i s t r i b u t i o n  6301. 

d i s t r i b u t i o n  i s  no t  normal, then other closed f o r m  p r o b a b i l i t y  d i s t r i b u -  

t i o n s  may be considered; e.g., l o g  normal, exponential, gamma, etc .  

an exact closed form p r o b a b i l i t y  d i s t r i b u t i o n  cannot be obtained, then 

an approximation t o  the d i s t r i b u t i o n  may be generated. 

2 

I f  the form of the 

I f  
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The followitig subsections present the analysis of variance for the 

two major components of propellant variability and a probabilistic 

ana ysis Df the SRM propellant dynamic response model. These analyses 

are applied to the SRM shuttle propellant in the next section of this 

rdport. 

6.1 ANALYSIS OF VARIANCE 

An analysis o f  variance is a technique by which the variations 

associated with certain components of the variance may be isolated and 

estimated [30,3: 1. 
When two or more independent sources of variation operate, the 

resulting variance is the sum of the separate variances. 

followed here is for two independent variances: 

The procedure 

2 (1) variance between castings denoted by ul 
2 (2) variance within a given batch denoted by uo 

The total variation i s  obtained by simple addition of the two independent 

components: 

2 2 2  u = u1 + Go 

To determine the variance exactly requires an infinite number of 

observations; thus, in practice the variance may only be estimated. 

If, in the statistical model, it is assumed that test samples from 

each batch can be regarded as random elements from a normally distributed 

population o f  test samples whose vdriation i s  completely specified by 

the variance uo, then each casting may be regarded as a random element 2 
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from a normally d i s t r i b u t e d  populat ion of 

completely spec i f ied  by the variance ul .  
2 2 data i s  t o  estimate uo and ul .  

2 

Suppose t h a t  there are k batches and 

from each batch; then the  t o t a l  number o f  

batches whose v a r i a t i o n  i s  

The purpose i n  analyzing the 

n prope l lan t  samples tested 

samples i s  N = kn. Denote the  
- t h  observations en the  i 

An estimate of the  within-batch variance i s  then given by: 

batch by (Xil, Xi2, Xi3 - - -, Xin) w i t h  mean Xi. 

where the arrow means " i s  estimated by". A s i m i l a r  expression can be 

obtained f o r  each sample, and on the reasonable assumption t h a t  the 
2 variance does no t  vary frm batch-to-batch, a be t te r  estimate o f  uo may 

be obtained by averaging the variance ec',;llli,ted from each batch: 

- 
If  the means o f  batches at : denoted by (X, , X2, - - -, Xk) and 

- 
the grand mean by ', then an estimate o f  the variance o f  the mean i s  

The variance o f  the mean o f  n tes ts  on a given batch due t o  within-batch 

va r ia t i on  i s  uo. The k batch means w i l l  d i f f e r  a lso because o f  the 

batch-to-batch component o f  var ia t ions  g,, and since the w i t h i n  and 

2 

2 
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Tum of Squares of Square Source sic I 
Variation I Freedom 

between sources o f  error are independent, tneir variances are additive 

Mean Square 
a '  

2 

2 2  and the variance of each sample mean i s  al + ao/n, or  

Degrees 

Between n 4 (iii-ii)2 = s1 k-1 

W i t h i n  
lots 

lo t s  j =  

2 4 1J I 

( X . . - X i )  =So k ( n - 1 )  
i =  

2 

To facil i tate the Analysis of Variance and t o  help organize the 

calculations, the format i n  Table X X  i s  followed. 

t h a t  the Sum of Squares and Degress o f  Freedom are additi*;e so t h a t  

S1 + So = S and ( k - 1 )  + k ( n - 1 )  = n ( k - 1 ) .  

in Table X X  results i n  estimates o f  uo and a l .  

Table X X  indicates 

Solving the expressions given 
2 2 

Mean Estimated 1 by 

M I  = s1 

Mo = k(n-l) 

.,' + n o1 

B 
. 

0 

2 
uo -b Mo (33) 

(34) 

TABLE X X  

ANALYSIS OF VARIANCE TABLE FOR TWO SOURCES OF VARIATION 
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The previous procedure may be appliec! Mhen there are more than two 

sources o f  var ia t ion .  

i n  p rope l lan t  ingredients  such as ox id izer  l o t - t o - l o t  var ia t ions,  polyner 

l o t - t o - l o t  v a r i a b i l i t y ,  cura t ive  l o t - t o - l o t  v a r i a b i l i t y ,  etc.  The 

analysis of variance i s  no t  d i f f i c u l t ;  however, a very substant ia l  t e s t  

program i s  requi red f o r  such an analysis. 

therefore, we have chosen t o  inves t iga te  on ly  the in f luence of batch-to- 

batch v a r i a b i l i t y  and within-batch v a r i a b i l i t y  on the SRM prope l lan t  

For example, i t  i s  poss ib le  t o  introduce var ia t ions  

Such aata does no t  exfs t ;  

dynamic response. 

6.2 CORRELATION ANALYSIS 

A co r re la t i on  analys i  f the r e l a t i o n  h i  between tws v a r i  b l  es 

begins w i t h  an attempt t o  discover the aprox imate  form o f  the r e l a t i o n -  

ship by graphing the data i n  a so-cal led "sca t te r  diagram"; a p l o t  af the 

po in ts  representing corresponding pa i r s  o f  measurements o f  the two 

var iab les being studied. The most comnon re la t i onsh ip  i s  a l i n e a r  

re la t i onsh ip  where the  data tend t o  form a s t r a i g h t  l i n e .  

The usual measure o f  the degree t o  which the var iab les are l i n e a r l y  

re la ted  i s  the co r re la t i on  c o e f f i c i e n t  r. 

the co r re la t i on  c o e f f i c i e n t  i s  defined by: 

For two variables, X and Y ,  

The absolute magnitude o f  r ind icates the degree of co r re la t i on  between 

the two variables. When a l l  o f  the po in ts  l i e  on a s t r 2 i g h t  l i n e  
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(per fec t  l i n e a r  w r r e l a t i o n )  the  c o r r e l a t i o n  c o e f f i c i e n t  i s  f 1. The 

c o r r e l a t i o n  c o e f f i c i e n t  i s  zero when there i s  no l i n e a r  c o r r e l a t i m  

between the two variables; however, there may be a nonl inear cor re la t ion .  

A p o s i t i v e  co r re la t i on  coe f f i c i en t  ina ica tes  t h a t  an increase i n  one 

var iab le  terlds t o  be accompanied by an increase i n  the second var iab le,  

and a rlbgative co r re la t i on  ind icates an inverse r e l a t i o i s h i p .  

I t  i s  a lso  useful  t o  consider the  cor re ;a t ion  c o e f f i c i e n t  w i t h  

r e a d d  t o  a l inear  regression model. In using a l i r  regression 

modcl w i t h  one dependent var iab le  ( X ) ,  i t  i s  assumed t h a t  the inde- 

pendent var iab le  ( Y )  i s  normally d i s t r i b u t e d  w i t h  constant variance 

uxy 
2 2 a t  each value o f  the dependent var iab le.  Thus, zyx i s  an 

estimate o f  the v a r i a t i o n  o f  Y about the regression l i n e  Y on X. The 

square o f  the co r re la t i on  c o e f f i c i e n t  ind ica tes  the r e l a t i v e  po r t i on  

o f  the va r ia t i on  i n  Y which can be explained by the dependence o i  X, 

For a mu l t i va r ia te  c o r r e l a t i o n  ar la lysis o f  several variables, 

such as the s i t u a t i o n  w i t h  the SKM prope l lan t  dynamic response model, 

the covariance, Equation (36; becomes: a mat r ix  G F  the form 

* 

2 
TC 

2 
aEm 

ETa 

uEP 

2 
CJ 

2 

- 

2 
Em c 2 2 

‘En “.Ta 

2 
U 

rl 

n 2 
U nTa u;rR 

2 
U 4 a larn 

2 
‘nTa 

2 2 - 2  
‘nm ‘Tarn ”“m 

( 3 7 )  



-83- 

Confidence l i m i t s  f o r  the  estimates f o r  the means, standard 

deviat ions and co r re la t i on  coe f f i c i en ts  can be estimated using the  

x goodness-of-;i t t e s t  o r  the students t - d i s t r i  bution. 2 

6.3 PROBABILITY ANALYSIS OF SRM PROPELLANT DYNAMIC RESPONSE MODEL 

The SRM propel lant  dynamic response model i s  a power-law re la t i on -  

ship b f  the form 

E = Eo(~ , )n  , 

fo r  e i t h e r  the r z a l  (G'  o r  I?) o r  imaginary (G" o r  E") par ts  o f  the 

complex t e n s i l e  (E*) o r  shear (G*) moduli, where w i s  the c i r c u l a r  

frequency and aT i s  the time-temperature s h i f t  f a c t o r  defined by 
- 

and TR i s  the  reference terperature t o  which data a t  other temperatures 

are s h i f t e d  and Ta and m are experimentally determined parameters. 

The constant Eo i n  Equation (38) represents the  value o f  the  dynamic 

modulus a t  a temperature-reduced frequency o f  uaT = 1, and n i s  the  slope 

o f  the curve on a l o g  E versus l o g  uT plo t .  

A computer code, developed i n  141 performs a least-squares 

curve-f i  t of the master dynamic modulus versus temperature-reduced 

frequency t e s t  data t o  determine the parameters Eo and n 

predic ts  dynamic modiillrs as a funct ion o f  temperature and frequency, 

given Eo and n. The computer code i s  appl icable t o  the rea l  and 

imaginary par ts  o f  the t m i l e  or shear modulus. 

o r  
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I n  order t o  account f o r  propel lant  v a r i a b i l i t y  i t  i s  desirable 

t o  incorporate p r o b a b i l i t y  concepts i n t o  the SRM propel l a n t  dynamic 

response model. There are b a s i c a l l y  four approaches f o r  accomplishing 

t h i s  ob ject ive [32]: 

(1)  k n t e  Carlo Simulation 

(2) Maximum L i  ke l  i hood Methods 

(3 )  Moment Generating Functions 

(4)  First-Order, Second-Moment Theory 

Monte Carlo s imulat ion techniques consis t  o f  evaluat ing Eq- (38) 

us:ng randomly selected values o f  the input  parameters, Eo and n. 

order t o  use the  method and se lec t  representat ive values of Eo and n 

a t  random i t  i s  necessary t o  f i r s t  have a s t a t i s t i c a l  desc r ip t i on  o f  

each parameter de f i n ing  the manner i n  which the parameter can be expected 

t o  vary. 

I n  

Maximum l i k e l i h o o d  methods deal p r i m a r i l y  w i t h  f i n d i n g  a p o i n t  

estimate of the variance .lased on mul t iD le sets of values for  a function 

o f  more than one var iable.  For funct ions of one var iable,  t h i s  method 

o f  est imat ion i s  efficient and w i t h  large samole sizes i s  very consis- 

t en t .  I f  the funct ional  re la t ionships are known, the l i k e l i h o o d  methods 

may be extended t o  funct ional  combinations. 

The variance o f  a funct ion h(xl,x2 ... xn) o f  n independent 

random variables may be computod by means o f  moment generating functions. 

Let 

z = h(x1,x2 ... , x,,) 
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then the variance 

E[ (2-2) 1 where 2 

E[(z-z)2] 

2 of z i s  given by the expected value of (2-2)  , 

and f ( z )  i s  the p r o b a b i l i t y  densi ty funct ion of z. 

Therefore, 

* f ( x l  ,..., x )dx l...dxn n 

Now a moment generating funct ion f o r  z i s  given by 

(43 )  

D i f f e r e n t i a t i n g  twice w i t h  respect t o  t and s e t t i n g  t = 0, the variance 

of z i s  obtained: 

Using su i tab le transformations one can then transform t o  i n teg ra l s  

invc,;ving x,  ,x2 ,..., x n '  
F i rs t -order ,  second-moment theory probably o f f e r s  the most 

advantage because o f  i t s  r e l a t i v e  ease o f  app l i ca t i on  and accuracy. 

Cornel1 C33] i n  attempting t o  encourage wider usage o f  p r o b a b i l i t y  
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concepts by non-special i s t s ,  proposed a so-cal led " f i r s t - o r d e r  second- 

moment" r e l i a b i l i t y  theory. 

The term " f i r s t -o rde r "  ind icates the l i n e a r i z a t i o n  o f  

n o n l i n e a r  e q u a t i o n s  and t h e  t e r m  "second-moment" re fe rs  t o  

the fact  t h a t  only the f i r s t  two moments o f  the involved random 

var iables are needed. 

characterized by t h e i r  mean X and variance ux ( o r  equiva lent ly  t h e i r  

For example, some random var iables can be 
2 - 

standard deviat ion, ux, o r  c o e f f i c i e n t  of v a r i a t i o n  Vx = ux/jT). 

stochast ic dependence between a random var iab le X and a random var iab le 

The 

Y i s  measured by t h e i r  covariance Cov [X,Y] ( o r  equiva lent ly  by t h e i r  

co r re la t i on  coe f f i c i en t ,  rXY = Cov[X,YJ/a u ). 
X Y  

The app l i ca t i on  o f  f i r s t -o rde r ,  secmd moment theory i s  i l l u s -  

Let Y be a continuous funct ion o f  X, t r a ted  i n  the fo l lowing example. 

i.e., Y = g(X), where X and Y are random variables. 

mean of X by 

about i ,g(X) may then be expressed as: 

Denote the 

o r  ECX]. Taking a Taylor ser ies expansion of g(X) 

Keeping only the f i r s t  two terms i n  the expansion and tak ing the 

expectat ion o f  both sides, 

since E(X-X) = 0. 

variance o f  both sides y i e l d s  the approximation 

Simi lar ly ,  keeping the same terms and f i nd ing  the 
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Since g ( i )  i s  a constant, 

and 

Using t h i s  same p r i n c i p l e  f o r  a variable, say Z, which i s  a 

continuons funct ion o f  several variables, X1, Xq, ..., Xn (whosc means, 

variances, and covariances are known), the f i r s t  order approximation 

o f  the mean and variance o f  2 can be obtained by expanding the funct ion 

g(X1,X 2,...,Xn) i n  a Taylor ser ies about the mean o f  the  X’s. 

on ly  the l i n e a r  terms i n  the dev iat ion from the means and applying 

the same l i n e a r  transformation ru les  f o r  the mean and variance, y i e l d s  

Keeping 

and n 
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i n  which the der iva t ives  are evaluated a t  the mean values o f  Xi and 

xj .  
I f  the random var iables Xi and X j  are independent, then Eq. (51) 

s imp l i f i es  t o  

Treat ing Eo, n, T, and m as random var iables i n  Eqs. (38) and 

(39) and w, TR and T as determin is t ic ,  then 

E = E(EO,n,Ta,n) (53) 

Applying the previous developments, i.e., Eqs. (50) and (51) , i t  

fol lows t h a t  
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~ ~ - 7 ~  ” 
T -Ta 

aT ‘ (T) 

- T-Tg 
( T u  

n 
- ( T  -7 J’nTa n Ta 

T -7  
+ - -  - ’ (t) ‘E,m ‘Eo ‘rn 

0 a~ R a 

If the random variables E,, n ,  T, and m are not correlat?d 

then Eq. (60)  reduces to 
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A d i s t i n c t  advantage o f  th is  approximate closed form proba- 

b i l i s t i c  approach i s  that  the results are independent o f  any assumptions 

regarding the form of the underlying probabi l i ty  distr ibut ions.  
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V I  I. ANAL"5IS OF SRM AND RELATED PROPELLANT DATA 

S t a t i s t i c a l  analyses o f  UTI-610 i n e r t  p rope l lan t  t e s t  data and 

SRM propel lant  t e s t  data generated by Thiokol and CSD have been 

analyzed according t o  the s t a t i s t i c a l  hodels o f  Section V I  i n  order t o  

estimate the expected variance o f  propel lant  dynamic response proper- 

t i e s  i n  the  Shut t le  SRM. 

s t a t i c  s t r a i n  leve ls  are considered and incorporated as necessary i n t o  

the SRM propel lant  dynamic response model. Based on accelerated aging 

t e s t  data o f  Thiokol [lo] an estimate of aging behavior i s  a lso made. 

I n  addit ion, the influences of dynamic and 

7.1 STATISTICAL ANALYSIS OF PROPELLANT DATA 

The p r o b a b i l i s t i c  analysis developed i n  Section 6.3 has been 

applied t o  the Un ivers i ty  o f  atah t e s t  data on UTI-610 i n e r t  propel lant  

i n  an attempt t o  estimate the  in f luence o f  model parameters on dynamic 

response. An analysis o f  variance was conducted on the Thiokol and 

CSD t e s t  data t o  determine expected w i  thin-batch and batch-to-batch 

v i s i b i  1 i t y  . 
The resu l t s  o f  s t a t i s t i c a l  analysis o f  UTI-610 propel lant  are 

presented i n  iab les  X X I  through X X V I .  Tables X X I  and X X I I  present the 

model parameters a t  -18"C, 4"C, 24°C and 49°C and s t a t i c  s t r a i n  leve ls  

o f  0.1, 0.5, 1.0, 2.5, and 5.0 percent. 

model parameters are presented i n  Tables X X I I I  and X X I V .  Substantial 

dependence on s t a t i c  s t r a i n  l eve l  i s  noted; however, the coe f f i c i en ts  

The temperature sh i f t ed  
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TABLE XXI I I‘ - TEMPERATURE-SHIFTED MODEL PARAMETERS, 
REAL PART OF DYNAMIC TENSILE MODULUS 

AS A FUNCTION OF STRAIN 

0.1 16.8 1.41 0.056 0.0025 0.88 

0.5 8.76 0.24 0.22 0.0032 0.99 

1 .o 8.20 0.26 0.25 0.0040 0. -3  

2.5 6.83 0.31 0.28 0.0058 0.97 

5.0 5.56 0.58 0.28 0.014 0.88 

TABLE XXIV - TEMPERATURE-SHIFTED MODEL PARAMETERS, 
IMAGINARY PART OF DYNAMIC TENSILE MODULUS 

AS A FUNCTION OF STRAIN 

n ‘n r E;, aE Stra in  - (MN/m2 0- 
(%I  
0.1 3.88 0.26 0.36 0.01 0.96 

0.5 3.43 0.14 0.33 0.0072 0.97 

1 .o 2.89 0.13 0.37 C. 0075 0.97 

2.5 2.67 0.15 0.38 0.010 0.96 

5.0 1.72 0.16 0.43 0.017 0.91 
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TABLE XXV - MEAN AND STANDARD DEVIATION, 
REAL PART OF DYNAMIC 

TENSILE !+IODULUS 
STRAIN 

5% - 2.5% - 1% - 0.5% -- 
U 

Temperature- 
Reduced 
Frequency 

- - 
Eo 1 

( NM/m2) ( NM/m' 1 
- E 'E E E E 

(a,) ( MN/m2 ) ( MNym2) ( MN/m2 ) ) 

0.01 

0.1 

1 .o 
3. s 

10.0 

11 .o 
35.0 

100.0 

110.3 

350.0 

700.0 

1000.0 

3.13 

5.20 

8.63 

11.4 

14.3 

14.6 

18.9 

23.8 

24.3 

31.3 

36.5 

39.4 

1.34 

2.18 

3.62 

4.77 

6.02 

6.14 

7.92 

9.98 

10.2 

13.2 

35.3 

!6.5 

2.59 1.21 

4.61 2.10 

8.20 3.74 

11.2 5.11 

14.b €.65 

14.9 6.81 

19.9 9.1 

25.: 11.8 

26.6 12.1 

35.5 16.2 

42.2 19.2 

46.1 19.2 

1.31 

3.63 

6.92 

9.83 

13.2 

13.5 

18 7 

25.1 

25.8 

35.7 

43.3 

47.9 

1.19 

2.1s 

4.15 

5.90 

7.91 

8.13 

11.2 

15.1 

15.5 

21.4 

26.0 

28.7 

1.35 

2.96 

5.63 

8.0 

10.7 

11.0 

15.2 

20.5 

21 .o 
29.0 

35.3 

39.0 

1.10 

1.80 

3.42 

4.86 

6.52 

6.70 

9.26 

12.4 

12.8 

17.6 

21.4 

23.7 
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TABLE X X V I  - MEAN AND STANDARD DEVIATION, 
IMAGINARY PART OF DYNAMIC 

TENSILE MOGULUS 

Tempe r a t  ure- 
Reduced 
Frequency 

0.01 

0.1 

i .o 
3.5 

10.0 

11 .o 
35.0 

100.0 

110.0 

350.0 

700.0 

1000.0 

b,) 

2.5% - - 0.5% 
E 
- - 

E a E a 
OE 2 E 2  E 2  

U E 
E 2  (MN/m2) (MN/m ) (MN/m2) (MN/m ) (ilN/m2) WN/m ) (MN/m2) (MN/m ) 

0.74 0.41 

1.59 0.88 

3.40 1.88 

5.15 2.84 

7.28 4.02 

7.51 4.14 

11.0 6.07 

15.6 8.58 

16.1 8.86 

23.5 13.0 

29.6 16.3 

33.3 18.4 

0.53 0.34 

1.24 0.73 

3.91 1.70 

4.63 2.71 

6.83 3.99 

7.08 4.13 

10.9 6.34 

16.0 3.36 

16.6 3.69 

25.5 14.9 

32.9 19.2 

37.6 21.9 

0.47 0.33 

1.13 0.67 

2.72 1.61 

4.37 2.59 

6.52 3.86 

6.76 4.00 

10.5 6.20 

15.b 9.30 

16.2 9.61 

25.2 14.9 

32.8 19.4 

37.5 22.2 

0.24 

0.64 

1.71 

2.94 

4.62 

4.81 

7.91 

12.4 

12.9 

21.3 

28.1 

33.4 

0.34 

0.77 

2.10 

3.56 

5.60 

5.83 

9.59 

25.1 

15.7 

25.8 

34.8 

40.6 
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of va r ia t i on  associated w i th  the coef f ic ient  o f  the power law, Eo, and 

the slope, n, of the dynamic moduli curves are general ly considerably 

less  than 10 percent, and the coeff ic ients o f  co r re la t i on  are 

general ly good. Even though the ind iv idua l  variances i n  the model 

parameters i s  small, the ove ra l l  e f f e c t  on the propel lant  dynamic 

respcnse, as shown i n  Tables XXV and X X V I ,  i s  t o  produce expected 

variances o f  - + 50 percent. 

An analysis o f  variance o f  variance was conducted on the Thiokol 

t e s t  data o f  TP-H1148 presented i n  Tables X through XV i n  Section 3.2. 

The analyses were car r ied  out a t  frequencies of 10 and 50 Hz, and the 

resu l t s  are summarized i c  Tables X X V I I  through X X X V I I I .  

given i n  the  tables i s  determined by the r a t i o  o f  the mean squares o f  

the batch-to-batch var ia t ions and represents the F-d is t r ibu t ion .  A t  

a s ign i f icance le:.rl of 1 percent f o r  the speci f ied degrees o f  freedom, 

(5 ,12)  = 5.06, i nd i ca t i ng  t h a t  there i s  no s i g n i f i c a n t  d i f ference 

The value F 

among the mears of the batches tested. 

The t o t a l  standar? m i a t i o n s  are sumnarized i n  Table X X X I X .  I n  

the case o f  the loss modulus, G", i t  can only be concluded t h a t  the 

t o t a l  va r ia t i on  due t o  batch-to-batch va r ia t i on  and w i t h i n  batch 

va r ia t i on  increase w i th  tes t i ng  frequency. I n  the case o f  G' , the 

dev iat ion i s  approximately the same a t  90 and 70°F w i th  an increase 

a t  40OF. The deviat ion a lsc increases w i th  increasing t e s t  frequency. 

The t e s t  data obtdined by CSD on batches TP-H1148-6, -7, -8, 

-9, 9997-0096 and 9991-0115 and sumnarized i n  Tables X V I I I  and X I X  were 

also analyzed. '(he ANOVA tables are presented i n  Tables XL through XLV. 
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I 
19111 1 5 Batch- t o  

Batch I 

TABLE X X V I I .  ANOVA Table G' a t  90°F and 10 Hz 

I 
1 

3822 11.5 
! 

Source I Sum 
I nC 

I 

W i  thin-Batch I 163600 

1 

! 
I 

I 

Total ~ 278778 17 

IDegrees 1 Mean Standard 
V I  I V I  : o f  

13633 , 117 

I 

I I 
130 

Variat ion 1 Squares Freedom 1 Square Deviation1 . 

I 5 Y Y b i  I i I I i 

TABLE X X V I I I .  ANOVA Table G' a t  9C"F and 50 Hz 
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TABLE X X I X .  ANOVA Table G '  a t  70°F and 10 Hz 

Source Sum Degrees Mean Standard i 
o f  o f  o f  Square Deviatior) 

Var ia t ion Squares Freedom ! 
, 

- -  ----___ --_.c__._ 

Batch- t o- 
Batch 11859 5 

/ 
2372 43.7 I 0.47 

I 
I 

k i  thin-Batch 60887 12 5074 30.0 

Total 72746 17 57.2 

TABLE X X X .  ANOVA Table G' a t  70°F and 50 Hz 

-. _- - 

Source Sum Degrees Mean Standard 
o f  o f  o f  Square Deviat ion 

Var i a t i  on Squares Freedom 

Batch - t o  
Batch 75730 5 151 50 123 0.78 

- 

Within-Batch 231867 12 19320 373 

To t a  1 307600 129 
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TABLE X X X I  . ANOVA Table 6 '  a t  4OoF and 10 Hr 

Source Sum Degrees Mean Standard 
o f  of of Square Deviat ion 

Var ia t ion Squares Freedom 

Batch - t o  - 
Batch i 55933 5 11190 i 106 0.84 

b I 

I 
I --_-- - 

I 
I 

12 ; 13339 26.8 I 
W i  t h i  n-Batch : 160067 

1 I 

I I 
I 

i 
--- 

I 
I 

I 

Total  21 600 17 109 

~- ~ 

TABLE XXXII. ANOVA Table G' a t  40°F and 50 Hz 

Source Sum Degrees Mean Standard 1 -  of of o f  : Squares Deviat ion 

I 
Var ia t ion 1 Squares Freedom j 

I 

Batch - to -  i 
Batch i 240361 I 5 48072 j 94.0 2.23 

I 

I i 
1 
I 

1 

i 
Within-Batch ! 259000 1 12 I 21583 147 

i 
I I I 
I 

4- - - . - -  - 

To t a  1 499361 17 1 I 174 
I I 

I .- -- c 
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Batch- t o- 
Batch 59395 5 11879 43.8 

TABLE XXXIII. ANOVA Table 6" a t  90°F and 10 Hz 

1.84 

- _  -- 
Sum I Degrees Mean Standard F 

1 7764 5 1553 6.6 1.09 

o f  o f  Square Deviation 
Squares I Freedom 

-.- - 
I 

I 

Source 
o f  

Variation 

Batch - t o 
Batch j I 

- 
I 
I I 

W i  thin-Batch ' ! 17055 12 
I 

1422 37.7 

- - __. - . . 

To t a l  24819 17 38.3 

TABLE X X X I V .  ANOVA Table GI' a t  90°F and 50 Hz 
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! 
6760 : 40.4 

i 
! 33802 j S 

I 
I 

TABLE X X X V .  ANOVA cable G" a t  7OoF and 10 Hz 

3.64 
-- 

Source or 1 :III ::ys Mean ;Standard 1 Square OevSa ti on 
Variation quares Freedom 

I_ -- 
\ I 

Batch-to- 
Batch 

Within-Batch I 22314 12 1860 43.1 
I 

I I 

1 I 

j I 

Ttoal i I 56116 17 59.1 ' 
I 

.--- -- 

TABLE X X X V I .  ANOVA Table 6" a t  70°F and SO Hz 

Source 2v Oegrees Mean Standard 
of Square Devi a t i  04 
eedom Squares Fr o f  

Variation 
I 

I L---- 

Batch 1731 7 5 3463 58.9 0.36 

, 
Batch-to- 

*----+---- - 
-- 

W f  thin-Batch 115j33 12' 9644 45.4 I 

Tota 1 133050 17  74.3 
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TABLE X X X V I I  . ANOVA Table G" a t  40°F and 10 Ht 

Source i Sum Degrees Mean Standard 
of 1 of of Square Deviat ion 

Var ia t ion 4 Squares Freedom 
! 

Batch - t o  - 
Batch ; 4333 5 867 i 29.4 0.28 

i - ---&--- . . . .___ 
i 
i 

W i  thin-Batch ' 37377 12 3115 : 27.4 

Total 41 71 0 17 40.2 

TABLE X X X V I I I .  ANOVA Table GI' a t  40°F and 50 H t  

Source Sum Degrees Mean Standard 
of o f  o f  1 Square Deviat ion 

Var i a t  i on Squares Freedom 

Bat c h-to - 
Batch 1094271 5 21 886 67.1 2.61 

W i  thin-Batch 100533 12 8378 91.5 

- -  

To t a  1 209961 17 113 I 
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Temperature 

90°F 

70°F 

40°F 

(OF) 

TABLE X X X I X .  Sumnary o f  Total Standard Deviations 

7 
G' G I' 

10 Hz 50 Hz 10 Hz 50 Hz 

59.5 130 38.3 89.7 

57.2 129 59.1 74.3 

109 ' 174 40.2 113 
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TLBLE XL. ANOVA Table G '  . a t  90°F, 2.9% S t a t i c  Strain, 
0.001% t o  Dynamic S t ra in  and 50 Hz 

Source Sum Degrees Mean Standard 
o f  : o f  of Square Deviat ion 

Var ia t ion  : Squares Freedom 
, 
, 

I 
t 

I 

, 
112 

Batch-to- 
Batch ; 2360544' 5 i 472109 ~ 93.1 , 

! 
I -_ i 

-... - 
1 i j 

W i  t h i  n-Batch 2023901 48 1 4216 1 64.9 , 

I 
1 

I 

I I 
! 

___A +I . - ~ ~ - -  - . . 
I 
I 

I 113 

! 

,2562934 I 53 j 

I 
I 

I 
I 

Total 
I 

1 , .  , 

TABLE XLI, ANOVA Table 6 '  a t  70°F, 2.9% S t a t i c  Strain, 
0.001% Dynamic S t ra in  and 50 H t  

Source Sum Degrees 

' Squares ' Freedom 
of o f  O f  I Var ia t ion  --- 

Ba t c  h-to - 
Batch , 7803855 

--r - 
1 

W i  thin-Batch I 4721 52 

5 
. -  

54 

I 

Tota l  8276006/ 59 
I 

Mean Standard 
Square Oevi a t  i on; 

$- I 178.5 
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I 

1 
1 

I 1 
I I 

23315702d 5 )46631406 
I 

1 

TABLE XLII. ANOVA Table 6' a t  40°F, 2.9% S t a t i c  Strain, 
0.001% Dynamic S t ra in  and 50 Hz 

I 

929 1 840 

I 

F Source ; Sum Degrees Mean Standard 
Square #Deviation I o f  o f  i of 

Var: a t i on  Squares Freedom ' 
I 

I 

958 

Batc h-to- 
Batch 
- 

W i  thin-Batch 

Total 

.--_. .- 

Batch-to- 
Batch 

-- -_ 

-- 

1591 385 , 5 j 318277 76.5 119 
i 

I i- I 

2664118 48 55502' 236 
1 j 
/ I 

235821144 53 1 
i I 

TABLE XLI I I .  ANOVA Table G" a t  90°F, 2.9% S t a t i c  Strain,  
0.091% Dynamic S t ra in  and 50 Ht 

- -.-- .-- - . .  
?- .. - , - ,, 

Source Oegrees Mean (Standard 
o f  b o f  /Square Oeviation 

I I I Vari  a t i  on Squares Freedom I 
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Var ia t ion  Squares Freedom Square 

TABLE XLIV. ANOVA Table G" a t  70°F, 2.9% Sta t i c  Strain, 
0.001% Dynamic S t ra in  and 50 Hz 

Deviat ion 
~ 

~ 

o f  of I of 
Var ia t ion  , Squares Freedom 

1 
- --- 

I 

I I 

I I i I 

Batch- t o - 
Batch i 2387931 : 5 j 443272 1 85.6 1 140 

Square Peviat ion 
1 
I 

I 

102 

M i  thin-Batch 
I 

I 

ToLal 

Batch 1226724401 5 '4534488 289 
I I 

TABLE XLV. ANOVA Table G" a t  4 V F ,  2.9% Sta t i c  Strain, 
0.001% Dynamic S t ra in  and 50 Hz 

282 

I I 

I 
316 i 

I 

. r  

I Total 23443449; 53 

. ._- 
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Addit ional t e s t  data a t  70°F (Tables XLVI and XLVII) 

analyzed i n  order t o  invest igate variance as a func t ion  o f  

were a lso 

t a t i c  and dyn,.nic 

s t r a i n  :eve1 and frequency. The ANOVA tables f o r  the t e s t  data i n  Tables 

XLVI and XLVII are presented i n  Tables XLVIII  through L. For the  CSD t e s t  

data we cannot conclude t h a t  the batch-to-batch means are the same. 

A sumnary o f  the t o t a l  standard deviat ions i s  presented i n  Table L I .  

These data ind ica te  a s l i g h t  increase i n  the  t o t a l  v a r i a t i m  between 90 and 

7OoF and a s ign i f i can t  increase between 70°F and 40°F. TS t a  presented 

i n  Tables X X V I I I  and XLVI ind ica te  no s ign i f i can t  dependel '1 djnamic 

strain l eve l  between 0.001% and 0.01% dynamic s t ra in .  A decrease i n  

dynamic modulus i s  noted a t  a dynamic s t r a i n  o f  0.12%. 

7.2 INFLUENCE OF STATIC STRAIN LEVEL ON PROPELLANT RESPONSE 

The t e s t  data previously presented ind ica te  considerable s t i f f e n i n g  

w i th  increasing compressive s t r a i n  between 3% and 12% s t z t i c  s t ra ins.  A t  

70°F the rea l  p a r t  o f  the modulus approximately doubles between 3% and 6% 

and doublcr again between 6% and 12%. Thus i t  i s  possible t o  construct a 

s t a t i c  s t r a i n  s h i f t  f ac to r  analogous t o  the time-temperature s h i f t  

fac to r  by the r e l a t i o n  
0 . 1 5 5  

a€ = 0.65 e 

where aE = 1 a t  3% s t ra in .  

dynamic modulus, G ' .  A s im i l a r  analysis f o r  the loss modulus, G", y i e lds  

Equation (62) appl ies t o  the rea l  p a r t  of the 

O.lOEs 
aE = 0.74 e 

where aE = 1 a t  3% s t r a i n  and cS i s  again expressed i n  percent 

s t ra in .  
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TABLE XLVIII. ANOVA Table G' a t  70°F, 2.9% Sta t ic  Strain,  
0.01% Dynamic St ra in  and 10 Hr 

! 
- __ 

108 j 

i 
T t i t a l  I 656745 39 

I 
I 

, _  

TABLE XLIX. ANOVA Table G' a t  70°F, 2.9% S t a t i c  Strain,  
0.01% Dynamic St ra in  and 100 Hz - - -  - . _  

Source Sum Degrees Mean Standard 
. o f  Square Deviat ion o f  I of 

Variat  !on lSquares Freedom I 

Batch- t o  - 
Batch 3 1 399180 97.9 25.0 

! i ! I I ; 1191539 

I 1 
A p -  - -.- 

I 

1 36 15939 126 1 
I ! 

I i 

W i  thin-Batch ' 573798 i ! I -- -- - 
I I I ! 

Total ' 17713381 39 ! 
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* 
' Sum 

quares 

. Source 
o f  

Var ia t  im 

Batcn-to- 
Batch 90491 
- 

TABLE L.  ANOVA Table G" a t  7OoF, 2.9% Sta t ic  Strain,  
0.01% Dynamic Stra in  and 10 Hz 

I 

Degrees I 
o f  1 *arc 

Freedom I Square - 
I 

I 
3 ' 30164 

I.i I i 
! 

; ! 

I 
! 308090 ! - 39 - - . . _  1 Total 

itandard 
levi a t  i on 

-- - 

24.6 5.97 
~ 

77.7 

81.5 
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TABLE L I  . SUmARY OF TOTAL STANDARD DEVIATIONS AT 2.9% 
STATIC STRAIN 

'empera t ure 
(OF1 

90" F 

70°F 

40°F 

Dynamic 
Strain 

(%I 

0.001 

0.001 

0.001 

0.001 

- 
10 Hz 

G' 
50 Hz 

113 

186 

958 

100 Hz 

160 

- 
G " 

10 Hz 

8 5 

92.3 

102 

31 6 
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7.3 INFLUENCE OF AGING CN PROPELLANT RESPONSE 

So l id  propel lants t y p i c a l l y  experience changes i n  chemical and 

physical propert ies due t o  normal aging dur ing long term storage an; 

thus the SRH propel lant  may be expected t o  undergo aging. Thiokol [ l o ]  
has conducted pre l iminary accelerated aging tes ts  on TP-H1148 

propel lant  a t  75, 110, 135 and 150°F, and interCreted the data a x o r d i n n  

Eo a previously developed agfr,$ mcdel [34,35]. Thiokol has shown t h a t  

the react ion responsible f o r  the propel lant  cure i s  essen t ia l l y  complete 

ill one week and contr ibutes l i t t l e  50 the mechanical property changes 

w i th  age. The aging r a t e  i s  determined by fo l low ing  t h t  change i n  gel 

formation i n  the binder, which fol lows an Arrehenius r a t e  equation. 

The i n i t i a l  aging data obtained on TP-H1148 obtained by Thiokol, 

although d i f f i c u l t  t o  i n t e r p r e t  quan t i t a t i ve l y  due t o  i n i t i a l  sof ten 

of the propel lant  ra ther  than the more t yp i ca l  continued poet cur ing 

q u a l i t a t i v e l y  suggests tha t  the p.-opellant may be expected t o  show 

about a f i v e  percent increase i n  modulus per year. 

storage or' 5 years the dynamic modulus may be expected t o  increase on 

the order o f  25 percent. 

Thus, f o r  a maximum 

7.4 LIMITS OF PROPELLANT VARIABILITY 

The l i m i t s  o f  expected propel lant  v a r i a b i l i t y  are establ ished 

based on the analysis o f  the previous subsections. The master dynamic 

data f o r  the 6 batches o f  propel lant  tested by CDS have been cLirve f i t 

t o  the SRM propel la f i t  dynamic response model developed i n  [4] over 

the frequency range o f  10 t o  100 Hz w i th  the r e s u l t s  
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and 

G ' ( u T )  = 253 (UT) O e S 0  (r2 = 0.999) 

G" (uT)  = 200 (UT) o*38 (r2 = 0.97) 

tan6 -0.12 = G '  = 0.79 (wa,) 

Figures 30 L r o u g h  32 present the mean anc. - + 3a standard dev iat ion 

curves f o r  G', G" and the loss tangent G"/G', based on the  analysis o f  

variance resu l t s  summarized i n  Table L I .  

Table L I I  s u m r i z e s  the ant ic ipated l i m i t s  o f  the  dynamic 

response of the SRM propel lant  a t  several frequencies. The - + 3u 

l i m i t s  estimated f o r  tan6 are based on the  - + 3a curves f o r  G' and G", 

since experience indicates- tha t  GI' tncreases as G' aoes and v ice versa. 

From Figures 30 and 31, and Table L I I ,  i t  may be seen t h a t  G' may vary 

by as much as a fac to r  o f  two and G" may vary by a fac to r  o f  three. 

G' and G" may be expected t o  each increase approximately 25% wi th  aqing, 

but tan6 Lhould remain approximately unchanged w i th  aging. 
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331 506 759 

457 669 1000 

562 800 1150 

692 980 1380 

813 1130 1550 

, 1200 1600 2090 

1660 2120 2690 

I LO40 2530 3090 
I 

1 

TABLE L I I .  SUMMARY OF SRM PROPELLANT DYNAMIC RESPONSE 
VERSUS FREQUENCY 

I G' 

4 

7 

10 

15 

20 

40 

70 

100 

141 339 550 

195 419 661 

234 480 724 

302 56C 832 

347 624 912 

517 812 1120 

708 1005 1350 

851 1150 1510 

0.49 0.67 0.72 

0.48 0.63 0.68 

0.47 0.61 0.65 

0.46 0.58 0.62 

0.45 0.56 0.60 

0.44 0.52 0.55 

0.43 0.48 0.51 

0.42 0.46 0.48 
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V I I I .  ANALYSIS OF SRM DYNAMIC RECPONSE 

Dynamic response analyses o f  the Shut t le  SRM have been conducted 

t o  invest igate the  s e n s i t i v i t y  o f  the SRM frequency response t o  propel- 

l a n t  v a r i a b i l i t y .  

conducted t o  determine i f  s i g n i f i c a n t  temperature gradients may e x i s t  

i n  the SRM a t  launch time. 

I n  addi t ion,  a heat conduction analysis has been 

8.1 GENERAL DISCUSSION OF VIBRATION ANALYSES OF SOLID ROCKET MOTORS 

General surveys o f  v ib ra t i on  e f f e c t s  on s o l i d  rocket  motors have 

been presented by IBM [1,3], Hufferd and F i tzgera ld  [14], Fi tzgera ld  

and Hufferd [13], Achenbach [36], and Bal t rukonis [37]. An extensive 

bibl iography, inc lud ing  abstracts, i s  presented i n  [4]. 

Compared t o  other structures, sol i d  propel lant  rocket  Rotors 

dhereas the mass o f  the possess ra the r  unique s t r u c t u r a l  features. 

propel lant  i s  very la rge  compared t o  the mass o the th in-wal led case, 

the propel lant  i s  general ly compliant and cont r  butes l i t t l e  t o  the  

s t i f fness  o f  the  composite structure,  a f f e c t i n g  the gross dynamic 

behavior o f  the motor mainly through i t s  mass. Furthermore, since 

propel lants are v iscoe las t ic  mater ia ls,  the propel lant  provides 

considerable damping t o  the system. Consequently, t rans ien t  e f fec ts  

attenuate very qu ick ly  and steady-state osci  l l s t i o n s  requ i re  a h igh 

energy input  since a la rge  amount o f  energy i s  dissipated. 

I n  recent years f i n i t e  element models have been developed for  

the steady s ta te  v ib ra t i on  o f  s o l i d  propel lant  rocket motors [38-421. 
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The f i n i t e  element models lead t o  d e f i n i t i o n  o f  a s t i f f n e s s  matr ix,  a 

mass matr ix  and a damping c o e f f i c i e n t  matr ix  f o r  the d isc re t i zed  system. 

Lumped-mass and consistent-mass methods are used f o r  de f in ing  the mass 

d i s t r i bu t i on .  The lumped-mass method concentrates the element massss i n  

a manner t h a t  maintains the loca t ion  o f  t he  center o f  m s s  o f  the 

structure,  whereas, i n  the consistent-mass approach the mass i s  tepre- 

sented as i t  i s  ac tua l l y  d i s t r i b u t e d  i n  the  structure.  

be t te r  agreement has been obtained using the  lumped-mass approach. This 

approach requires a la rge  nmher cf C G C T ~ : ~ ~ ?  points  f o r  accurate 

analysis o f  systems w i th  p r imar i l y  d i s t r i b u t e d  masses; howerZr, the 

mass matr ix  f o r  the  e n t i r e  s t ruc tu ra l  assemblage i s  diagonal and pos i t i ve  

de f i n i t e ,  thereby reducing computation times. On the  c ther  hand, the  

consi stenc-mass approach requires excessive computational e f f o r t  t o  

obta in  a desired degree o f  accuracy. 

I n  pract ice,  

Damping matrices can be derived analogous t o  :hose used f o r  the 

wss - and s t i f f n e s s  matrices o f  appropr iate i n t e r n a l  dampiy cndracter is-  

t i c s .  

representat ion o f  mater ia l  propert ies.  

Propel lant  damping i s  accounted f o r  using the dynamic complex 

I n  dynamic problems, Hamilton's var iat iona; ; r r inc ip le  i s  f requent ly  

used t o  der ive Lagrange's equations of m t i o r ,  f o r  the d isc re tc  system. 

I n  the absence o f  damn4ng the system o f  equations t o  be solved has 

the form 

where the mass matr ix  [ M I  i s  conposed o f  the element masses, {R( t ) )  

represents the vector o f  nodal po in t  forces a t  t ime t, and i r ( t ) l  
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represents the vector o f  nodal po in t  displacements a t  t ime t. The 

natural  frequencies of the system are obtained by takit;g the nod21 po in t  

force vector R ( t )  t o  be the nul l -vector .  

For damped systems i t  i s  necessary t o  employ nodal damping t o  

obta n so lut ions f o r  the damped st ructure.  

able for in t roducing damping f o r  a propel lant  grain.  An e f f e c t i v e  

damp ng coe f f i c i en t ,  [Ceff ]  may be defined by 

Several methods are ava i l -  

where [K"]  represents the imaginary p a r t  o f  the complex s t i f f cess  

matr ix.  Some s t ruc tu ra l  codes, such as NASTRAN, employ a s t r u c t u r a l  

damping coe f f i c i en t ,  C , def ined by 

(69) 

where G" anci G' are, respect ively,  the imaginary and r e a l  p a r t  o f  the 

coni;lex shear modulus. 

Mor2 d i rec t l y ,  steady s ta te  dynamic v iscoe las t ic  analysis may be 

obtained from the corresponding e l a s t i c  counterpart,  employing the 

v iscoe las t ic -e las t i c  correspondence p r inc ip le ,  i n  which a1 1 e l a s t i c  

mater ia l  constants are replaced by t h e i r  corresponding v iscoe las t ic  

counterpart expressed a:, frequency dependent cJmplex numbers, i .e. , 

E -t E*(iw) = E'(u) + iE"(w) 

ti + G*(iwj = G*(w) + iG"(w) 

K + K*(io) = K ' ( w )  + iK"(w) 

v .+ v*(icJ) = V I ( @ )  + iv " (w)  
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where K detiotes the bulk m i  h l u s  and v represent; Poisson's r a t i o .  

L a d s  re la t i ons  s t i l l  hold among the complex moduli i n  the frequency 

plsne so t h a t  

An e l a s t i c  mater ia l  i s  represented i n  t h i s  no ta t ion  by a complex modulus 

w i t h  a rea l  p v t  which i s  constant w i t h  frequency and imaginary p a r t  

which i s  zero f o r  a l l  frequencies. 

e l a s t i c  bu lk  modulus implies t h a t  the  dynamic Poisson's r a t i o  w i l l  

contain a nonzero i rag i i i a ry  par t .  

frequencies o f  . . ibrat ion, then takes the form 

The comnon assumption of a constant, 

Equation (67), for  the natura l  

o r  

The above replacement leads t o  a system o f  eqtiations w i th  twice 

as many unknowns as the correspovding e l a s t i c  problem; however, the 

so lut ions may be obtained i n  a manner analogous t o  the s t a t i c  case. 

Obvious s imp l i f i ca t i ons  are noted i f  the problem i s  handled throughout 

i n  complex ar i thmet ic .  
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Two general techniques are employed for solv ing the equations o f  

motion f o r  v ib ra t ion  loading. The f i r s t  consists o f  d i r e c t  step-by-step 

in tegra t ion  o f  the simultaneous d i f f e r e n t i a l  equations. The response 

h is to ry  i s  divided i n t o  a sequence o f  time increments o f  equal l eng th -  

and the equations o f  motion are formulated on an incremental basis. 

The motion computed during each t i m e  increment i s  added t o  the cond i t i  s 

a t  the beginning of the increment t o  obtain the condit ions a t  the end. 

Thus, the response i s  evaluated step-by-step through the desired t ime  

range, s t a r t i n g  w i th  any giver, i n i t i a l  condit ion. The accelerat ion i s  

assumed t o  vary l i n e a r l y  during the time increment, which leads t o  

expressions fo:. the change i n  accelerat ion (and v e l o c i t y )  i n  terms o f  

the i n i t i a l  conditions and the change o f  displacement. - 

The incremental equations o f  motion are solved by standard s t a t i c  

analysfs methods; f o r  example, Gauss el imination. 

equations o f  motion, the 

ng t o  normal (mode shape) 

m ! e  by mode, and the modal 

r csu l t s  superposed t o  obtain the t o t a l  respocse. In t h i s  method, known 

as d e  superposition, the displacement vector i s  expressed as a l i n e a r  

combination o f  mode shapes. 
t h  equations cjf motion r e s u l t a  i n  a s ingle uncoupled equation fo r  the n 

mode o f  the systm. The solut ions c f  each modal response equation a re  

obtai lied by any convenient procedure. 

Subst i tut ion of t h i s  expression i n t o  the 

eqi it 

coord 

I n  the second method o f  solv ing the 

ons are fir% decoupled by transform 

nates which are solved indepenclzntly 
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8.2 PREVIOUS VIBRATION ANALYSES OF THE SHUTTLE SRM 

Several v ib ra t i on  analyses of the space shu t t l e  SRM have been 

conducted by IBM [1,3] and Thiokol/Wasatch D iv i s ion  [6]. Addi t ional  

one-eighth scale dynamic model t es ts  havc k s r !  conducted by the NASA.! 

Langley f a c i l i t y  153. Analyses of the  one-eighth scale models has 

beer! car r ied  out by Grurman Aerocpace Corporation [2]. The resu l t s  

ind ica te  t h a t  reasonably good agreement i s  obtained from s imp l i f i ed  

analyses o f  dynamic response w i t h  more sophist icated NASTRAN analyses 

and experimental resul ts .  

IBM [l] conducted s imp l i f i ed  and NASTRAN analys is  for, among 

other things, longi tud ina l  through-the-thickness shear v ibrat ions.  They 

a lso  invest igated the effects o f  moduli and gra in  length. The proper t ies 

:hmn below, representat ive cf the shu t t l e  SRM, were used i n  t h e i r  

analysis f o r  i o n g i t d n a l  shear v ibrat ions:  

a = 20 inches 

b = 70 inches 
3 = 0.064 l b / i n  

?P 
v = 0.495 

P 

Tiley asswed the outzr boundary t o  be r i g i d l y  clamped. 

based on information received from CSD, two d i f f e ren t  expressions were 

I n  addi t ion,  

used f o r  representation of the dynamic complex shear modulus, depending 

upon s t r a i n  leve l .  For low s t ra ins  the representation- 

.220 G' = 2800 w 

was used i n  the:r s imp l i f i ed  analysis, and 
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G* = 6244 (1 + b.3841’) 

was used i n  t h e i r  NASTRAN complex eigenvalue analysis. A value o f  

G’ = 6244 was used i n  a NASTRAN r e a l  eigenvalue analysis. 

A t  high strains,  the corresponding representations were 

G* = 1365 (1 + .245i) 

The s imp l i f i ed  apalyses were ca r r i ed  o u t  using the expression 

where Cn i s  a c i r c u l a r  frequency coe f f i c i en t  which depends on the r a t i o  

a/b. Table LIII pcesents the resu l t s  fo r  the f i r s t  natura l  frequency 

using Equation (73) and a NASTRAN rea l  and complex eigenvalue analysis, 

inc lud ing the effects o f  length as cietermined from the NASTRAN analysis 

I8M subsequently conducted a more complete NASTRAN analysis o f  

longi tud ina l  shear v ib ra t i on  inc lud ing coupling w i th  the case [3] and 

forced v ibrat ions.  These analyses treated several geometries which 

included more s e a l i s t i c  representations o f  propel l a n t  g ra in  configura- 

t i o n  w i th  forward and a f t  s k i r t s ,  nose cone and nozzle attached. A 

constant shear twdulus o f  1333 ps i  and a loss tangent o f  0.246 were 

used i n  a l l  analyses. The resu l t s  indicated several longi tud ina l  modes 

below 50 Hz wi th  the f i r s t  i n  the neighborhood o f  15 Hz w i th  a maximum 

shear s t r a i n  o f  0.95%. 
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TABLE L I I I .  RESULTS FOR THE FIRST NATIONAL FREQUENCY OF 
SHUTTLE SRM [3] 

Low Strains High i t r a l n s  

Equation (73) 38.1 Hz 17.9 Hz 

Real Modulus 38.2 Hz 17.9 Hz 

Canplex W u l u s  30.8 Hz 18.0 Hz 

L = 100 inches 37.0 Hz 17.3 Hz 

L = 150 inches 37.7 Hz 17.6 Hz 

L = 300 inches 38.2 Hz 17.9 Hz 

The NASA/Langley Research Center has conducted dynamic t e s t s  o f  

oce-eighth scale models o f  the s h u t t l e  SRM and mated external  tank model. 

Three propel lant  g ra in  conf igurat ions were manufactured by CSD using 

i n e r t  UTI-610 propel lant  which has the same binder- fuel-curat ive 

conponents as UTP-3001 propel lant  used i n  the TITAN 111-C w i th  i n e r t  

sodium ch lo r i de  and i n e r t  amnonium sulphate subst i tu ted f o r  t he  l i v e  

oxidizer,  amnonium perchlorate. A l l  had 0.1875 inch  t h i c k  alvminun 

she l l s  and were 19.5 inches i n  diameter and 147.32 inches long. 

propel lant  length was approximately 145.4 inches. The propel lant  gra in  

inner diameters were varied t o  represent l i f t - o f f .  mid-burn and end-of- 

burn conf igurat ions.  

The 

The model t e s t  a t  NASA/Langley 151 for  the l i f t - o f f  conf igurat ion 

indicated the f i r s t  bending d e  a t  54.1 Hr,  the f i r s t  t o rs iona l  mode 

a t  135.3 Hz and the f i r s t  longi tud ina l  mode a t  149.7 Hr. 
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Grunman [ Z ]  has a lso  conducted dynamic analysis of the SRM 

models tested a t  the NASA/Langley f a c i l i t y  usipg NASTRAN. They used 

a constant modulus o f  e l a s t i c i t y  o f  E = 25,000 ps i  (G = 8333 p s i )  and 

a loss tangent of 0.52 based on mater ia l  property data supplied by CSD. 

The r e s u l t s  o f  Gruman's NASTRAN analys is  f o r  the l i f t - o f f  

conf igurat ion gave the f i r s t  bending mode a t  56.2 Hr (compared t o  58.4 

Hz f o r  simple beam theory), 168.3 Hz fo r  the  f i r s t  to rs iona l  mode 

(compared t o  161 f o r  simple beam theory) and 196 Hr for  the f i r s t  

long i tud ina l  mode (compared t o  180 fo r  simple beam theory). 

Par t  o f  the reason f o r  the discrepancy between Grumnan's analyses 

and the experimental r e s u l t s  o f  NASA/Langley may be a t t r i b u t e d  t o  the 

f a c t  t h a t  the mater ia l  proper t ies used by Grumnan are probaoly unreal is -  

t i c  f o r  the  actual  t e s t  condit ions. 

The f i n a l  set  o f  analyses conducted cn the s h u t t l e  SRM, t o  be 

discussed herein, were conducted by Thiokol/Wasatch D iv i s ion  163 on a 

model 312 inches long, a g r a i n  O,D, o f  146 inches and an inner p o r t  

diameter o f  67 inches using proper t ies o f  TP-H1123 and H-13 ( i n e r t  

TR-H1123) propel lant ,  which are s i m i l a r  t o  the s h u t t l e  SRM prope- lant.  

Their  r e s u l t s  ind icated a f i r s t  long i tud ina l  thickness shear mode a t  

14.6 Hz wi th  G I  = 650 p s i  f o r  TP-H123 prope l lan t  and 11.4 Hz w i t h  G' = 380 

p s i  f o r  H-13 i n e r t  propel lant  a t  7.0°F. 

from 8.6 Hz a t  40°F t o  26 H t  a t  90°F f o r  the f i r s t  long i tud ina l  shear 

mode. 

The natura l  f r e q u e n c i ~ s  var ied 
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8.3 SHUTTLE SRM HEAT CONDUCTION ANALYSIS 

B i o t ' s  approximation method 1431 has been appl ied t o  cooldown 

o f  the Shut t le  SRM i n  order t o  estimate the temperature d i s t r i b u t i o n  

t h a t  m u l d  e x i s t  i n  the SRH a t  launch time. The analys is  i s  axisymnetric 

so t h a t  the temperature, 1. nust  s a t i s f y  the  one-dimensional ( r a d i a l )  

heat conduction equation: 

a*, aT 
k 2  = p c  - a t  a r  

where 

T = temperature 

r = d i r e c t i o n  o f  heat f l u x  

t = t ime 

c = spec i f i c  heat capaci ty 

p = densi ty 

k = c o e f f i c i e n t  o f  thermal conduct iv i t y  

Def in ing a heat f low vector H by 

i t  fo l lows t h a t  

aH PcT = - - a t  
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and 

where q1 i s  the depth t o  which heat has penetrated a t  t ime, t. 

Employing va r ia t i ona l  techniques, one can def ine funct ions 

r 
V = $ pc I T2 d r  

D P -  1 Iql ($2 d r  

0 

2k 0 

arid 

(78) 

where V i s  the thermal po ten t ia l ,  D i s  the d iss ipat ion,  and Q i s  the 

thermal force which s a t i s f y  Lagranges equation 

Solut ion o f  Equation (79) y ie lds  the penetrat ion depth, ql, as a funct ion 

o f  time, and hence the temperature spat ia l  d i s t r i b u t i o n  as a funct ion 

o f  time. 

The so lu t ion  t o  Equation (79) i s  obtained f o r  a c i r c u l a r  p o r t  

gra in  w i th  inner radius a and outer radius b. The inner p o r t  i s  assumed 

insulated and a step temperature change i s  appl ied t o  the outer 

boundary. Two time regimes are considered: 
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where the time ta i s  the time for  the heat f ron t ,  defined as the distance 

q1 from the outside, t o  reach the inner port .  The input  temperature i s  

w r i t t e n  as 

T(b,t) = TI u ( t )  (80) 

where u ( t )  i s  the Heaviside u n i t  step function. The spat ia l  temperature 

d is t r ibu t ion ,  based on experimental evidence and the form o f  the exact 

solut ion, i s  represented by 

Subst i tu t ing i n t o  Equations (75) through (78), Equation (79) becomes 

f o r  the penetrat ion depth, ql, where K = k/pc i s  the thermal d i f f u s -  

i v i t y .  

re1 a t i o n  

Equation (82) may be integrated d i r e c t l y  t o  y i e l d  the cubic 
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Equation (83) has only  one r e a l  r o o t  

q1 = b [2 cos (9) + ;] 

where 

Defining the thermal d i f f u s i o n  parameter, n2 by 

Equation (84) may be w r i t t e n  

Set t ing q1 = b - a and def in ing X = b/a, Equation (86) may be solved 

f o r  the time t, for  the heat t o  reach the inner  port ,  

o r  somewhat more accurately 

2 b2 I n  the l i m i t  as a + 0, X + f o r  a solid cy l inder  and ta * 56.  

For a t h i n  cyl inder,  as a + b, X + 1 and ta + 0. 
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2 I n  terms of the thermal d i f f u s i o n  parameter, 0 , Equation (88) 

may be wr i t t en  

Once the temperature f i e l d  reaches the  inner  p o r t  a new funct ion 

must be defined i n  l i e u  o f  Equation (81) since the temperature a t  the  

inner port ,  Ta, itlust gradual ly increase. Since the inner  po r t  was 

assimed insulated, the de r i va t i ve  of the temperature w i th  respect t o  r 

must be zero a t  r = a. Thus, f o r  t 2 ta, o r  n 

temgeraturt f i e l d  i s  appropriate 

2 2  na, the fo l lowing 

b-r  2 T 
= T o  (1  - <) (," - (E) ) + Ta 

Eqilatioq !90) may be solved i n  the same fashion as t h a t  used t o  

determine q, y ie ld ing  
9 

where 

-0.214($ -1 '1 
Ta = To [I - e 

An inspectiorr o f  Equation (91) reveals thd t  i t  solves the appropriate 
2 -2 boundary condit ions; t ha t  i s ,  for  n2 = qa, n = 1 and T, = 0, and f o r  

-2 n *=, T , + T  
0' 
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The nominal propert ies of the center segments o f  the shu t t l e  SRM 

are: 

b = 72 in.  

a = 30 in .  

h = b/a = 2.4 

K 3 1 i n  /hr  2 

Thus, assuming a step i npu t  temperature from cure a t  a nominal 140°F 

t o  70°F a t  the case w i t h  the inner p o r t  insulated, the time f o r  the 

temperature change t o  be f e l t  a t  the inner bore is ,  from Equation (88), 

ta = 6 days. From Equations (91) and (92) ,  the r a t i o  t/t, i s  given by 

t/ta = 

Thus, the time f o r  the 

condi t ion o f  95 percent 

(i.e., fa = 74"F), i s  

1 - 4.67 loge ( 1 -?) 
nner p o r t  t o  reach the near equi ibr ium 

o f  the temperature change a t  the outside 

15 ta = 90 days. 

Thus, since the shu t t l e  i s  not scheduled t o  be launched w i t h i n  90 days 

o f  the manufacture of the SRM, i t  may be safely assumed t h a t  the SRM 

w i l l  be a t  a near ly equi l ibr ium temperature equal t o  the l oca l  ambient 

temperature w i th  only sl i gh t  gradients through the ;)rope? l a n t  grain. 

These condit ions represent the maximum cool ing time, since i n te rna l  and 

external cool ing would achfeve zqui l ibr ium more rap id l y .  
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- 3a 

- -  ta'n6- w Temperature I E 
( "F j  !Psi 1 (Hz) 

60°F 1683 0.424 .. . 19.04 

70°F 881 0.455 19.06 

80°F 472 0.480 19.10 
t 

8.4 SRM DYNAMIC ANALYSIS 

Nine dynamic analyses were conducted fol lowing the procedurns 

out l ined i n  Section 8.1. 

are not expected i n  the SRM, analyses were conducted a t  60, 70, and 

80°F f x  the mean and - + 30 var ia t ions i n  dynamic modulus. The 

pe r t i nen t  analysis var iables are shown i n  Table LIV. 

Since temperature gradients o f  any consequence 

The m a l y s i s  r e s u l t s  and the corresponding propel lant  dynamic 

moduli are presented i n  Table LV. The r e s u l t s  substant iate t h a t  the 

propel lant  contr ibutes t o  the overa l l  mass o f  the system, but does not  

TABLE L I V .  DYNAMIC ANALYSIS VARIABLES 

Mean +3a 
G' w - - -  - tan6 - GI' tan6 w 

(Psi)  ( H d  (ps i )  (Hz) 

2128 0.48 19.05 2667 0.50 19.07 

1193 0.56 19 08 1622 0.591 19.10 

684 0.628 19.131 1005 0.672 19.15 

- 

T 

- -. 
a = 30 i n .  ' 

b = 72 in. 

tc = 0.5 i n .  
L = 320 in .  

3 = 0.28 l b / i n  
= 0.064 l b / i n 3  
= 29 x l o 6  p s i  

pC 

pP 

b 

TABLE L V .  DYFiAMIC ANALYSIS RESULTS, F I R S T  RESONANT 
FREQUENCY 
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effect the overall stiffness. 

2667 psi and structure damping coefficient, t = - varying between 

0.21 and 0.34, the differences i n  the resonant frequency are indis- 

t i  r-ui shable. 

For moduli varying between 472 psi and 

G' 

As a p o i n t  of comparison, the simplified approximate analyses 

outlined in r4] were also conducted yielding resonant frequencies varj - 
ing bet,!een 10 Hz a t  60°F and 26 Hz a t  80°F. These values are i n  

agreem)-,t w i t h  those obtained by Thiokol  [6], b u t  show more variation 

since a r i g i d  casing i s  assumed i n  their determination. 



I X .  CONCLUSIONS AND RECOMMENDATIONS 

Six batches of TP-H1148 propellant have been characterized for 

dynamic shear modulus and the influence of expected propellant variability 

on the dynamic response of the Space Shuttle SRM has been examined. 

Static and dynamic physical property characterization tests were 

conducted by the Chemical Systems Division of United Technologies 

Corporation on six batches of 7P-Hl148 propellant (TP-H1148-6,-7,-8, 

-9,9970@96 and 9970115) furnished by Thiokol/Wasatch Division. The 

static tests consisted of constant elongation rate t e s 3  to failure and 

stress relaxation modulus tests at 40, 70 and 90OF. These tests were 

conducted to establish that the propellant batches tested were repre- 

sentative of propellant tested by Thioku'l and to be used in the Shuttle 

SRM. Although m r e  variation was evident than in similar test results 

obtained by Thiokol, nominal results are the sane And typical of PBAN 

prop21 lants. 5 

Dynamic shear modulus tests were Conducted at rious superimposed 

static (compressive) strain levels and several dynamic strain amplitudes. 

Typical of other solid propellants material nonlinearities Were observed. 

The test data show stiffening of the dynamic modulus With increasic? 

compressive static strain due to the'reinforcing effect of the Amnonium 

Pwchlorate and aluminum particles, and a softening with increasing 

dynamic shear strain level due to inherent noclinearitfes and debonding 

between the filler particles and the propellwt Cicder. 
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The dynamic tes ts  were conducted a t  s t a t i c  s t r a i n  l eve l s  approxi- 

mating those expected i n  the  SRM due t o  cure shrinkage, thermal cooldown 

gra in  slump, and i g n i t i o n  i n  pressurization. 

The t e s t  data generated by CSD and previously obtained data a t  

Thiqkol and the Univers i ty  o f  Utah on TP-H1148 and re la ted  P b N  

propel m t s  were analyzed i n  order t o  estimate expected batch-to-batch 

and within-batch propel lant  v a r i a b i l i t j .  Analyses o f  variance and a 

p robab i l i s t i c  analysi 3 o f  the SRM propel lant  dynamic response ind i ca te  

an expected one-sigma coe f f i c i en t  o f  va r ia t i on  o f  approximately 10 t o  

15 percent. 

dynamic modulus, however, from the dynamic response analysis o f  the  SRM 

i t  i s  noted tha t  the propel lant  provides so l i t t l e  s t i f f n e s s  t o  the 

overa l l  s t ructure tha t  even a ten- fo ld  cha:se i n  dynamic propert ies 

has no e f f e c t  on the f i r s t  resonance frequency. 

This va r ia t i on  y i e l d s  a possible s i x -  I d  va r ia t i on  i n  

Since the  space shu t t l e  could be launched between 90 days and 

5 years fo l lowing manufacture o f  the SRM, a heat conduction analysis o f  

the SRM was conducted t o  determine the  length o f  t ime required f o r  the  

SRM t o  reach equi l ibr ium ambient temperatures fo1:owing cure. We a lso 

wanted t o  determine the e f f e c t  a temperature gradient through the grain, 

i f  one existed a t  the t ime o f  launch, would have on propel lant  v w i -  

a b i l i t y  and the SRM dynamic response- 

analysis conducted i t  is estimated tha t  the SRM w i l  

equi l ibr ium approximately 90 days a f te r  the complet on o f  cure. There- 

fore, i t  i s  ant ic ipated the temperature through the gra in  w i l l  be near 

equ i l  ibrium, perhaps o s c i l l a t i n g  s l i g h t l y  about thz ambient temperature. 

Based on the heat conduction 

reach thermal 
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contro l  

i s  thus 

basis. 

program 

i nstabi 

such as 

Based on the r e s u l t s  of the thermal analysis, dynamic response 

analyses o f  the Shut t le  SRM were conducted a t  1;0, 70 and 80°F using the 

expected - + 3 and mean dynamic modulus values determined from the 

analysis o f  variance. 

i n  dynamic modulus from low t o  high and a 50 percent change i n  the 

s t r u c t u r a l  damping c o e f f i c i e n t ;  but  absolutely no di f ferenc, i n  resonant 

frequency could be detected. 

i s  recomnended t h a t  f u tu re  dynamic analyses o f  the SRM consider on ly  

the s t i f f n e s s  o f  the case, but include the mass of the p-opellant. 

The r e s u l t s  o f  t he  SRM dynamic analysis i n d i c a t e  t h a t  it i s  not 

These propert ies encompass a s i x - f o l d  increase 

Thus, i n  agreement w i th  other studies, i t  

necessary t h a t  any dynamic t e s t i n g  >e performed f o r  batch acceptance. 

The normal s t a t i c  Fhysical property and burn r a t e  t e s t i n g  f o r  q u a l i t y  

are s u f f i c i e n t  t o  assure batch-to-batch rep roduc ib i l i t y .  

recomneniied t h a t  dynamic t e s t i n g  not be conducted on a rou t i ne  

I t 

he only  dynamic loading environment not considered i n  t h i s  

o r  i n  previous programs i s  t h a t  a r i s i n g  from combustion 

i t i e s .  The most coIRM)n i n s t a b i l i t y  i n  large s o l i d  rocket motors 

the Shut t le  SRM i s  acoustic i n s t a b i l i t y .  The p reva i l i ng  

frequency modes are determined by the geometry and propert ies o f  the 

gas-and s o l i d - f i l l e d  rocket chamber. 

gas and normal pressure f l w t u a t i o n s  i n  the chamber cause a dynamic 

loading t o  the propel lant .  

resonance condit ions i n  tne propel l a n t  more pronounced pressure osci  1 - 
l a t i o n s  r e s u l t ,  leading t o  an i n s t a b i l i t y  i n  burning and po ten t i a l  

Acoustic mode v ibrat ions i n  the 

If  the o s c i l l a t i o n s  i n t e r a c t  so as t o  cause 
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over pressurization o f  the motor case. Since combustion f n s t a b i l i t y  

i s  predominant i n  large motors under steady-state thrust  conditions i t  

i s  recomnended that  a study be undertaken t o  determine i f  combustion 

instabi 1 i t y  represents a potential  mode o f  structural f a i l u r e  f o r  

the SRM. 
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1.0 INTRODUCTION 

Under cont rac tua l  agreement No. 76-001 CSD undertook the task of 
evaluat ing the dynamic shear, aonstant  rate to failure, and stress re laxa t ion  
rusponse for six batches of Space S h u t t l e  SRX aolid propel lant  (TP-Hl148). 
These data are intended to be wed to -ess the effects of propel lan t  vari- 
a b i l i t y  on the dynanic resporue of the Spaoe S h u t t l e  SRH and t o  determine the  
accuraay with which the dynamic response prope r t i e s  may be ktmn. 

The prOpellMt was furnish& t o  CSD I n  two shipmnts  totalling 234 lb .  The 

flrst 3hipmsnt uas received 15 July 1977 on b i l l  of lading No. B09063; the  bal- 

ance was received on 17 November 1977 on b i l l  of lading No. B11968. 

1- 1 
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2.0 VORlt TO BE ACCOCBUSBBD 

A. ~ C S ~ O W  R m m e  
M o 8 a u - o  the dynamic s h e w  modLLua of s i x  SRH s o l i d  propellant b8tchm at  
v8rious statio uld strain conditiorw. 

E. Constrat Rate Failure Properties 
Mo8auro constant rate propertiea of six  SIW s o l i d  propellant batohes ac 2 
in./- 8t oo, 40°, TO0, goo, a d  1209. 

C. Viscoelastic Relaxation Hodulus 
Msasurs v i s ~ l a s t i c  modulus of six SRU s o l i d  propellant batch3 at 40°, 

70°, urd 9 0 9 .  

A l l  dynamic shear, constant rate, and stm; relaxat ion tcwts have been 
completed and the test data ars prasented and anrrlyzed i n  this final report.  

2- 1 
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3.0 TBctMICAL DATA 

Tbe propellant evaluated during this contract  consisted of materill from 
me 600-gl batch (TP-Hl140-9) and f ive &-her batches. Thsfr batch identiflca- 
tiam were d, -7, -8, -9, 4970096, and -9970115. 
walUrt iOa a m  presented with data for each test M e .  

Procedures used for t h e  

3.1 CONSANT RATE DATA 
C o n s t a n t  displacement rate uniaxial tests ueru conducted using ICRPG class 

B sampl-(l) with plmtic extensometem as shown In figure 3-1. The tests were 
conduoted using an Irmtrou, with the standard s t r i p  chart recorder (figure 3-21 
modifled for a u t a r a t i c  data reduction. 
83 %, am, C.9 u Q m, and where 

The computerized output Is prssanted 

Eo = i n i t i a l  modulus 

= -  F (engineering stress) urn A. 

e - strain a t  o m m 
a: = true s t res s  (corrected, - ( 1  + $,I F C 

% - 
C C 

E: = strain a t  om m - strain at  rupture 

The rasults for Individual  samples as well as mean and standard deviat ions 
of 8 gmup me l i s t e d  on the computer pr ic tout .  
autarated d8t8 aaquis i t ion  s y s t r  am presented in appendix A -  

Addit ional  details of the 

X R P G  conatant n t e  tests mre oonducted a t  2 in./rin a t  Oo, 40°, 70°, 

goo, anb'120? on a l l  six brtobes i den t i f i ed  above. 
shown in flms 3-3 throw 3-8. Piva replioate samples teated p teat con- 
dition showed good rsproduoibility withir b8tchea and reasoluble b8tah-to-btch 

The failure properties are 

3- 1 
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Figure 3-3. ICRPO C l a m  B Data for Batch No. TP-El148-6 
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Figure 3-4. ICRPC C l a s s  B Data for Botch No. TP-H1148-7 
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Pi&ure 3-6. ICRPG Claas B Data for Batch No. TP-H1148-9 
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Figure 3-7. ICRPG Clasa B Data for Batch No. TP-H1148-9970096 
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TABLE 3-2. STRESS RELAXATI9N TEST VALUES FOR INDIVIDUAL SAHPLES 

T3 178 OF TP-H1148 ?P.OPELLANT 

Temperature 

40°F 7 V F  9oou 
TP-E1148 Strain, E at 1 S c a b ,  E at 4 Strain, E at 1 
Ratch No. x a, P s i  x -, Psi x m i n ,  p s i  

6 

Average 

7 

Average 

8 

Aveage 

9 

Average 

9970096 

- 
2.96 
2.81 
2.76 
2.69 
2.59 
2.61 
2.69 
2.56 
2.94 

2.91 
2.71 
2.80 
2.94 
3.11 
2.88 
2.78 
2.38 
2.82 
3.09 
2.89 

2.at  

I 2.62 - 

462 
634 
6CL 
4 2  :. 5 

I 

615 

462 
403 
420 
493 
504 
456 
563 
404 
409 
624 
.'24 
505 
476 
509 
633 

2.68 
3.06 
2.81 
3.12 
2.81 
3.04 
2.97 
.87 

3.06 
2.98 
2.99 
2.94 
2.97 
2.92 
2.93 
2.96 
3.16 
2.F6 
2.99 
3.04 
3.02 
3.GO 

2.88 453 3.03 318 2.97 374 
1 03 4n 1 2.47 345 2 .?6 334 
3.04 396 2.58 322 2.99 255 

3.C2 5 12 2.75 285 2.63 2 74 
2.85 546 2.59 285 2.80 280 

2.83 
2.90 
2.96 
2.87 
3.06 
2.78 
2.91 

2.88 

2.54 
3.44 
2.89 
3.00 
3.09 
2.91 
2.59 
3.06 
2.93 
3.16 
2.74 

3.07 
2.95 
2.91 
2.91 
2.94 
i. 78 

2.78 

2.80 

2.84 

2.88 

Average 2.86 539 
3.05 563 
2.98 552 [ 2.95 631 

9970115 

Average 2.42 58; 

Note: B = rtrrae rc !uta th  
-- 

3.02 
3.12 
3.19 
3.02 

3.11 

311 
374 
422 
370 
392 
382 
388 
3?5 
313 
32 3 
279 
3 12 

320 
404 
338 
4 19 
283 
346 
358 
3 30 
333 
314 

32 6 
379 
360 
349 

- 

c 

36 3 

283 
444 
47s 
377 
332 
456 
417 
282 
265 
335 
340 
228 
290 
32 3 
299 
323 
29 7 
325 
313 
305 
317 
412 
304 
334 
362 
345 
35 1 
415 
368 

dulur 
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F i g u r e  3-13. Stress Relaxation Modulus at 3% Strain for Batch No. TP-H1148-8 
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F i g u r e  3-15. Master Modulus Data for Batch No. TP-H1148=9970096 
14317 

rD' U w v N rD' w t lv ro 
k * c r r n +  tmn 

Figure 3-16. Water Modulus Data for Batch No. TP-h11%8-9970115 
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t h i s  sh i f t  did not abequately supsriapose the data the shift factors yare 
adjusted impeical ly .  Both the ULP and lmperical s h i f t s  a m  shown where appl i -  
cable. 

t he  ncminal l-min moduli are given below: 
The mean curves trP. the six batches are compared In figure 3-17 and 

TP-E1148 
Batch No. 

6 

7 
8 
9 

9970096 
99701 15 

Stre= Relaxation Modulus 

345 
460 
350 
395 
360 
385 

a t  1 min, p s i  

Sample-sample variance mted an the stress re laxa t ion  graphs reflects the 
within-cartoo gradient, po ten t i a l  sample machining and handling damaee, a d  
experimental test uncertainties. 
to minimize the experimental errors caused by JANNAF dogbone flow through Jaws 
and &age length errors. Actual s t r a i n  measunrents  we-e obtained to 0.001-in. 
accuracy using the o p t i c a l  cathetoPeter. 
using dead wight tests 01: each test channel. 

A &in. gage length bonded-end sample m s  used 

Load calibmcions were conducted 

3.3 DYNAMIC SHEAR RESPONSE 
small s t r a i n  dynamic shear  p rope r t i e s  of s o l i d  propellants and other low 

modulus materials a m  rout inely m e ~ u u r e d  at CSD using a piezoelectric trans- 
ducer device. 
electrical equiment  are presented i n  figtires 3 ~ 1 8  through 3-20. The device 
-ploys a s t w k  of ~iezoi lectr ic  c r y s t a l s  Bs the ciynanic dr iver  source. 
dynamic s t a i n  is transritted through the solid propel lant  sample 35 shear and 

the  output load b measured using a single piezoelectric c r y s t a l  which iunc- 
tions as a load cell. 

I l l u s t r a t i o n s  of the dynamic test device and the associated 

mi3 

3- 16 
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Figure 3-17. Caoparison of S t rw Relaxation Modulus Curves for 
TP-H1148 Ffopallmt 

14315 

The complex modules of the test material can be represented for shear as 
either 

In equation 3, E' is the real part end E" is the  Imaginary part Of t h e  

c a p l e x  aodulus. 
strem to the maximum s t r a i n .  
equal to the elastic tensile modulus. 
E" is a damping term known as the 1- modulus. 
the a r t p u t  force and &iver  crystal displacement a 6 and the loss tangent 
is defined by 

The complex modulus E* is given by the ratio of the maximum 
For law or m e d i u  damping materials E' is nearly 

The Imaginary part  of the modulus 
The phrwe angle between 

tan =E o r ,  G" 

E' G' 
(4) 

3- 17 
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Figure 3-19. Schematic of Calibration Setup and Spechen 
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Figure 3-20. Electrical Equipment for Dynamic Shear T e s t  
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For ooapcmite propel lan ts  the v i soos l a s t i c  modulus is general ly  
represented by a Pronp series 

n - q t  
E ( t )  = A + C Ai e 

O ill 

n - a t  or G ( t )  = Bo + C = Bi e 1 (for shear) i 

where the  A ' s  and B ' s  are the  P m y  series coe f f i c i en t s  and t h e  8's are t h e  
time conatanta. 

The real and Imaginary p a r t s  of the coaplex modulus for a l i n e a r  visco- 
elastic Platerial can be calculated from 'he Prony series using 

Ai w2 E '  (w) = & 7 
it0 W'+ai 

2 

n 
E" (w) = E i i A *a 

2 2  
i i=o w fa 

However, this conversion does not work well f o r  propel lants  which usual ly  ex- 

h i b i t  nonlinear modulus var ia t ions  ( ' 9 5 ) .  

The dynamics shear test device provides a d i r e c t  mwsurement dynamic 
propert lea  BS a function of frequency and test temperature. 
calibrated us- s t a i n l e s s  steel r ings  inserted between t h e  piezoeleatric 
driver stack (figure 3-19) and the readout c rys ta l  which are exci ted over a 
wide frequenap range. 
=!le are memured to determine the dpnappic properti-  of the propel lant  over 
t he  desired frequency and tet temperature ranges. 

The equipment is 

During propel lant  tests the output signal and the phase 

The dyMlnic s t r a i n  amplitude and the  s ta t ic  oomprsssivs s t r a i n  levels can 

be varied t o  determine the  modulus s e n s i t i v i t y  to  various loading conditions.  

3-3.1 -0 S h e  PropellatIt  ht8 

The dynamics shemr modulus behavior was measured f o r  each of t he  s i x  
batches of S h u t t l e  SRM propel lant .  Produotion batch No. TP-H1148-9 was 

3-20 
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evaluated at  three static and three dynamic s t r a i n  levels. 
s t r a i n  l e v e l  were obtained for each of the other batches of propel lant  a t  goo, 
72' and 409. 

Test data a t  one 

3.3.2 Batch NO. TP-H1148-3 
DYnamlc w u l u s  cw.'its are presented i n  figures 3-21, 3-22, and 3-23 for 

b a L n  NO. TF d1148-9 a t  0.OOlS dynanic s t r a i n  and s ta t lc  s t r a i n  l e v e l s  of 31, 
6% anE, 1 3 .  A'c~mparisoa of G' curves for each of these tests is p m e i  ted in 
ligure 3-24. Static s t r a i n  s e n s i t i v i t y  of' batch No. TP-H1148-9 a t  100 Qz and 
72* i l l u s t r a t e s  the dynamic modulus increase with compressive static s t r a i n  
leve ls :  

Compressive S t r a i n ,  % C*, p s i  

3 2,070 
5.8 2,950 
12 6,250 

where temperature = 72'F, and dynamic s t r a i n  = 0.001%. 

Twt data i n  figures 3-21, 3-22, and 3-23 s h o w  t h a t  G f  ac tua l ly  drops 
lower than Gw at  t h e  909 test  temperature for the 3% and 6% s ta t fc  s t r a i n s .  
Tho soft propel lant  a t  90- is absorbing a larger percentage of the energy 
bplt 
s l i p p w e  . 

ths sample or the sample may not be t ransmit t ing the load because of 

Empirioal shift f ac to r s  at  the three temperatures are independent of 
s t r a i n  l e v e l s  (figure 3-25). 
dependence is nct considered i n  Its derivat ion.  

The YLF equation is also the same s ince  s t r a i n  

Dynamic shear m o d u l i  as a function of dynamic strafii lev31 are presenteC 
Sn figures 3-26 through 3-29. The real part of the dynamic modulus did  

inazmae with dmrea&!.ng s t r a i n  l e v e l  but the t o t a l  change i n  modulus is less 
than 50%. 

compressive static s t r a i n  variatiors. 
This I8 a much W l e r  amplitude c u e  than experienced with 

3-2 1 
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Figure 3-21. Master Dynamic Shear Modulus for Batch No. TP-H1148-9 
S ta t i c  and 0.001 Dynamic %rains 

at  3% 
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Figure 3-22. hster Dynamic Shear Hodulw for Batch No. TP-Hllb' 9 at 62 
Froquamy I c ~ A T ) .  H t  

S k t i c  M d  0.0015 Dynamlc Strains 
1431 1 
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Figure 3-24. Comparison of S ta t io  Strain Le’ sls for Batch No. TP-H1148-9 
14309 
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Figure 3-25. Shift Factors for Batch No, TP-H1148-9 a t  0.001% 

14308 Dynamic and 3% Static Strain Levels 
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Figure 3-26. Marter Dynamic Shear Modulus for Batch No. TF-II1148-9 at  3% 

14307 Static and 0.QOOlX Dynamic Strain 
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Figure 3-27 
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. Comparison of Shear Modulus for Batch No. TP-IIlf48-9 at  
Frequency, Hz 

Static and Different Dynamic Strain Levels 
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Figure 3-28. Campariron of Shear Modulur for Batch No. TP-EI1148-9 at  5.8% 

14305 Static and Different Dynamic Strain Levelr 
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t 

1 10 1 .ooo 
Frequency. Hz 

Figure 3-29. Comparison of Shear Modulus for Batch No. TP-H1148-9 at 12% 
Static and Different Dynamic Strain Levels 14304 

-a test results for the other batuhes of propellant are pro sented i n  
fim 3-30 tbrou8h 3-34. 
(-9). 
presented i n  flgure 3-35. 

These batahes are wry similar to the major batah 
The real part of the dynamla modulus for -ah of the six batuhes is 

The re81 part of the dynamic nodulus a t  100 Hz is given below: 

Batch No. 
99701 15 

-9 
-7 
-8 

9970096 
-6 

3-26 
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Figure 3-30. hater Dynamic Shear Modulur for Batch No. TP-El148-6 
at  3% Static and 0.001% Dynamic Strains 

14303 
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Figurr 3-31. Martor Dynamic Shaar Modulur for Batch No. TP-Hll48-7 
at  3% Static and 0.001% Dynamic Strain8 

14302 
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Frequency (GJAT). Hz 
Figure 3-32. Master Dynamic Shear Modulu8 for Batch No. TP-H1148-8 

at  Tx Static and 0.001% Dynamic Strains 
14301 
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100 
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Figure 3-33. h r t e r  Dynamic Shear Madulur for Batch No. TP-H1148-9970096 
a t  3Z S t a t i c  and 0.001% Dynamic Straine 

14300 
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Figure 3-34. Master Dynamic Shear Modulus for Batch No.  TP-Bl148-9970125 

a t  3% Static and 0.0011, Dynamic Strains 
14299 
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Figure 3-35. Between Batch Comparison of Propellant TP-H1148 

Real Part of Dynamic Shear Hodulua a t  3% Static 8nd 
0.001% Dynamic Strain8 
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Batch No. 9970115 h w  the highest dynamio modulus with the others being c lose  
together; batch No. TP-81148-6 is tho lowest. 

The real and Farginary part of tho dyn&mio shear modulus values a t  50 Hz 
am presented i n  t a b l e  3-3 for batch -9 and in table 3-4 for the other f i v e  
batches. Individual values are listed along with mean values. 
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4.0 CONCLUSION 

Selected mechanical p rope r t i e s  of s i x  batches o f  SRn s o l i d  p rope l l an t  were 
measured USiiU constant  rate, stress re l axa t ion ,  and dynamic thear test 
methods. 
excellent sample-to-sample r ep roduc ib i l i t y .  
azw lower than the  dynamic shear  data, as expected for dynamic mic ros t r a in  
shear test condi t ions  arld the d i f f e rence  i n  time response. Dynamic propel lan t  

modulus values  were s e n s i t i v e  to  the  s ta t ic  compressive s t r a i n  l e v e l  as Well as 

dynamic s t r a i n .  
shear test s p e c h e n s  which may expla in  the larger data v a r i a b i l i t y  than 
occurred with the 1,wger test specimens used f o r  the o the r  test modes. 

Test  da t a  show very small batch-to-batch p rope l l an t  v a r i a b i l i t y  and 
Stress re l axa t ion  modulus values 

Some voids and f u e l  pockets uere noted i n  the smal l  dynamic 

The test s t r a i n  l e v e l s  covered 0.001% t o  3% and a correspondingly large 
modulus range. 
loading  c ~ n d l t i o n s ( ~ * ~ ) .  
selected from the a v a i l a b l e  data by u s i n g  the a v a i l a b l e  NASTRAN computer 
results and def in ing  t h e  propel lan t  s t r s i n  range. 

This s t r a i n  range may be app l i cab le  to the S h u t t l e  SRH dynamio 
Spec i f i c  modulus values  f o r  dynamic a n a l y s i s  aan be 

The colnpmssive s t r a i n  condi t ion  of t h e  dynamic shear sample resembles the 
SRM motor loading during i g n i t i o c  as the g r a i n  w i l l  be i n  compression ficin t h e  
i n t e r i o r  ba l l i s t ic  and a shear load w i l l  be appl ied  b] g r a v i t y  and accelera- 
t ion .  
Gottenburg d i s c  and o the r  dynamic tests where the s t r a i n  Melds experience 
large g rad ien t s  through the  sample and are not  r ep resen ta t ive  of SRh 
condi t ions .  

This p a r t i c u l a r  dynamic shea r  test (8*9) is more appropriate than the  

4- 1 



CSD 2608-FR 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6 .  

7. 

8. 

9. 

"Constart Crosshead Rate Tens i l e  Test, 
Propel lan t  Mechanical Behavior Manual, CPIA Publ ica t ion  No. 21, September 
1963. 

Sec t ion  4.3.5.2, ICRPG So l id  

"Uniaxial Tensile Stress Relaxation Hodulus Test, " Sect ion  4.3.6.1, ICRPC 
Sol id  Propellant Mechanical Behavior Manual, CPIA Publ ica t ion  No. 21, 
September 1963. 

Williams, M. L , R. F. Landel and J. D. Ferry,  "The Temperature Dependence 
of Relaxation Mechanisms i n  Amorphous Polymers and Other Glass-Forming 
Liquids," The Journal  o f  The American Chemical Society, Vol. 77, Ju ly  20, 
'1955, pp. 3701 - 3707. 
Schapery, R. A . ,  "A Nonlicear Cons t j t u t ive  Theory f o r  P a r t i c u l a t e  
Composites Based m Viscoelastic F;*acture Mechanics, 
S e r v i c e a b i l i t y  and S t r u c t u r e s  and Mechanical Behavior Working Groups - 1974 
Canbined AMUal Meeting, CPIA Publ ica t ion  No. 253, J u l y  1974, pp. 313-328. 

JANNAF Operat ional  

Francis. E. C. and C. E. Carlton. "Same Aspects of  Nonlinear Mechanical 
Behavior of a Composite P rope l l an t ,  Jour& of Spacecraft and Rockets, 
Vol. 6, NO. 1 ,  January 1969, pp. 65-69. 

Francis E C., R. L. Peeters and S. A. Murch, "Nonlinear Effects i n  
Thermal Stress Analysis of a S o l i d  P rope l l an t  Rocket Motor," Society Of 
Engineering Science,  13th Annual Meeting, November 1976. 

Franc is  E. C . ,  R. L. Peeters and W. L. Hufferd, "Considerations i n  t he  
Applicat ions nf Nonlinear S t r u c t u r a l  Materials," Second I n t e r n a t i o n a l  
Conference on Mechanical Behavior of Materials, Boston, Massachusetts,  
Aqust,  1976. 

Mi le s ,  D. O., %enusoidal Shear Generator For Study o f  Viscoelasticity," 
Appl. Phys. (33)  1962, pp. 1422. 

Miles, D. O. ,  G. C. Kno lhan  and A. S. Hamamoto, "Technique for  
Ca l ib ra t ion  of a Dyramic Rheological Shear Apparatus" The Review of  
S c i e n t i f i c  Instruments ,  Vol. 36, No. 2,  Feburary 1965, pp. 158-161 

R- 1 



CSD 26OS-PR 

APPENDIX A 

AUTOMATED DATA ACQUISITION SYSTEM 



CSD 2608-FR 

1.0 AUTOMATED DATA ACQUISITION SYSTEM 

CSD cu r ren t ly  i n t e r p r e t s  I n s t r o n  test data us ing  an  automated data acqui- 
s i t i o n  system. 
v ides  on-l ine a c q u i s i t i o n  o f  test data which is more accura t e  and reliable 
than handreduced data. 

This r u s u l t s  i n  a low cost data processing systes which pro- 

The equipment used in t h i s  atitmated data a c q u i s i t i o n  system is i l l u s -  
The I n s t r o n  is mated with a CSD-developed electrical trated i n  f i g u r e  A-1.  

i n t e r f a c e  package which is designed to  t r a n s f e r  load, s t r a i n ,  and time informa- 
t i o n  into a Wang 700 seriem programmable c a l c u l a t o r .  The i n t e r f a c e  system 
condi t ions  t h e  analog and d ig i ta l  s i g n a l s  frau t he  testing machine and formats  
t h e  data for correct e n t r y  i n t o  the  c a l c u l a t o r .  

The test ope ra to r  i n s e r t s  t h e  program i n t o  the  Wang c a l c u l a t o r  u s ing  
s tandard  t ape  cassettes and manually inpu t s  the test i d e n t i f i c a t i o n  and test 
cons tan ts  us ing  t h e  c a l c u l a t o r  keyboard. An output  p r i n t e r  provides  t a b u l a r  
and graphica l  test r e s u l t s  and statistics i n  a report-type format. 

The Wang c a l c u l a t o r - i n t e r f a c e  system is used t o  automate t h e  ICRPG 
s tandard rate testing and data reduct ion.  
are collected, reduced, and presented as E,, om, em, ocm, ecm, and C r .  

op t ions  and ca l cu la t ion  details  are summarized below. 

The test data (stress and s t r a i n )  
User 

1.1 DATA COLLECTION 

A S t r a i n  
A cons tan t  crosshead rate ( X )  y i e l d s  a simple r e l a t i o n s h i p  between s t r a i n  
( e  1 and elapsed time (TI. 

e z XT/(gage l e n g t h )  

A- 2 
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Floor model lnstron 

Ths  sgstem actually measures time on a 
60-cycle clock and calculates a l l  strain 
U s i n g  equation A-1. 

B. Stress 
The system col lecb load information a t  
uniformly spaced strain intervals (IC) 
The value  collected is actually a per- 
centage (P) of a selected full-scale 
load range (R). The stress values are 
calculated by. 

R = (PR)/(samp,e area) (A-2 I 

C. Strain Intervals 
Load Information is collected at  
uniformly spaced strain intervals of 

Figure A-1. CSD-Automated 
JANNAF Data Acquisition 

14297 System 

The calculator storage capacity is limited to a maximum of 134 load 

values which correspor‘ to a maximum strain of 

emax = 135% for X = 20 in,/aiin ( A-4 I 
- 80% for X = 2 in./min - 

These values seem reasonable for appropriate resolution over a wide 
range of test  conditions. Unusua:, projmllant properties or e x t r a s  
test  temperatures may f ind  6e too large (insufficient .msolutlon) or 
tocJ m a l l  (small em or 6 load in the noise level 1. 
t h e  operator can change 6c and oonsequently emax by Inputting Y into 
register 26: 

r‘or X <5 in. /mint 

A-3 
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1.2 DATA EIBDDCTIOW 

A. Initial Modulus 
Three init ial  mdu lus  values are llsted: E, El and E4. The ca lcu la t ion  of 
these  values involvea a search through the stored stress data for the 
mXiRnr Au over a c e r t a i n A t  range. 

as 
The i n i t i a l  modulus b defined 

me three reported values differ in the Ae (and correspondin@ M )  range. E, 
El and E4 are calculated over increrrcnts of Ar = 26, a", and 46, respec- 
t i ve ly .  Since CSD's method of discrete data co l l ec t ion  s e w n -  the t.ve 
stress s t r a i n  curve, listing three values should g ive  a better feel for 
the i n i t i a l  behavior of the curve. 

B. Zero S t r a i n  Point 
A zero s t r a i n  point  is necessary only to  def ine  o ther  strains or a t  least 
one other s t r a i n  to be used as reference.  The zero s t r a i n  point  is 
i n d i r e c t l y  located by assuming that the s t r e w - s t r a i n  curve, previous to 
the ini t ia l  mdu lus  E, U a linear curve. From equation A-6 E and the 
stress value (uo) at the poin t  where E is ca lcu la ted  are known, so t h e  
s t r a i n  (eo) at this point is 

eo = oo/E ( A-7 

eo is a reference poipt f r o m  which a l l  other strains are generated.  

C. Haxi.Um Stress and S t r a i n  
The maximurn stress value Cum) is found by maki.?g a scan through tk+ stored 
stress valuas. 
of Strain intervals (Sr)  f r o m  e,,. Assuming M intervals, then, 

The strain at  this point b found by counting t h e  nunber 

ea = co + M k  
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Conaquontly,  the d n i m w  error asaoaiated with o m  and 8 8  is 6 e.  

D. 
The &mu. aorrectbd s t m a  (a',) 18 &fined u [(l + e ) o l  w; it is 
found by scuming  for the lwgest prQduot of stress x (cornsponbing 
s t r a i n  + I ) .  eam i a  defined u the s t r a i n  at the maxim o o r m o t d  
streu and found using equat ion A-8. 
with gam md eam is 6 e  . 

hxiru Corrwtad Stmm and S t r a i n  

The mlnimua error assoaiatod 

6. Failure S t r a i n  
The f a i l u r e  s t r a i n  
uSu8lly when 0 = 0.  

to  6 8 .  

is defined u the s t r a i n  a t  the rupture  poin t ,  
e r is found by using equation 1-3 and is 8CaWt% 

1.3 OPTXONL OUTPUT 
I n  addi t ion  to the standard output  described above, two opt iona l  outpu- 

am available. They 8re t h e  following: 

A .  

The segmented curve, cons i s t ing  of the  collected stre- po in t s  betweten e o  

m d  e, i n t e r v a l s ,  with N 4 134 (def8U;t) war inputed. For the flrst 
stmas point to lie wi th in  oath i n t e r v a l ,  the following is ca lau l8 t .d  and 
printed.  

h b u l a r  P r in tou t  of e ,  ET, a ,  and oc  

c s s t r a i n  3t the first data p i n t  to  l i e  lr. ea& i n t e r v a l  (equ8tion A-8) 

ET = (Ao/Ar) with Ae x 2 be  and a n t e r e d  above e 

o s 

0' = ( 1  + 8 )  

v a l w  of flrst stre- poin t  to l i e  iri ;rah i n t e r v a i  
; us ing  e urd o fma above. 

Tho listod vriuoa w i l l  not neoessrrily be equal ly  inc r -n td  i n  
strrln (duo to Ndepmdenoe) krt  rather tho strain w i l l  o o r r e s p d  
to  ao tua l  stnaa data po in t s  ( tho  first point  i n  each intOW81). 
h a t  point is *a f a i l u n  point.  

The 

A-5 
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B.  10-20 Output 

Tho semurtad w m  between to and tp is divided into 24 intervals and the 
first data point i n  moh interval i a  oonvorted f’mm (e ,  u 1 to (x, y )  i n . ,  
w i t h  0h.rt s p a  x It. The omversion is 

The 25th l i s t e d  point is tbs failure point. 
i n  a forrut sui table  for keypunahing. 

The aorresponding printout Is 

The user opsrrtioml keys for the  fnstron code u‘d shown in table A-1; 

a typicul printout is shown i n  table  A-2. 

A-6 
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TABLE A-1. USER OPEP!TIONAL KEYS OF INSTRON CODE 
1318 1 

Key Function Explanation Note 

01 

03 

04 

08 

10 

12 

13 

14 

15 

Load 
c a l i b r a t i o n  

P r i n t  heading 

Predata 

I n i t i a l i z e  
series 

Test 

Reject 

Tabular 
p r in tou t  

HD-20 
p r i n t o u t  

Stat is t ics  

A cont inuow loop Is entered which 
d i sp lays  the load in the X-ragister 

The heading is pr in ted  w i t h  appropriate 
program s tops  to allow manual typing 

Gage length (2.7 in.;, XHD SPD ( 2  in . /  
min) and load range (20 l b )  a m  entered 
fror the Uang keyboard 

Statistics are cleared for s t a r t i n g  a 
new series 

A progmm stop allows sample width 
(0,375 i a . )  and thickness  (0.5 In . )  t o  
be entered;  on keying GO, the test is 
run and a summary pr in ted  

Rejects this sample f r o m  statist ics 

A program s t o p  allows e n t r y  of the max- 
imum number of data  poin ts  to  be pr in ted  
ou t  ( d e f a u l t  value of 134 is t he  mmximum 
possible); t h i s  add i t iona l  p r in tou t  con- 
sists of e ,  E, S ando 

Additional pr in tout  used as input  to  the  
MD-20 code; the fcrmat is s u i t a b l e  f o r  
key -puch ing  

The mean and standard GeVidtiOn for values  
of nonrejected samples 9 pr in ted  ou t ;  
a program s t o p  allows rwual Daper advance 
to a new page; key GO i n i t i a t e s  summary 
pr in tou t  starting w i t h  heading and leaGLw 
i n t o  predata;  keying 11 w i l l  s k i p  the  
heading-predata p r in tou t  and list o n l y  the 
samples 

Loop is ex i t ed  
by keying PRIME 

03 automat ica l ly  
calls 04 

04 a u t u a a t i c a l l y  
calls 08 

08 automat ica l ly  
calls 10 

10 resets itself 
for z t a r t  of 
a mu test 

12 automat ica l ly  
calls 10 

13 automat ica l ly  
calls 10 

1 automat ica l ly  
alls 10 
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1.0 DPWAnIC SHEAR CALCULATIONS AND (XIWPUTER OUTPUT 

The d y d a  shear modulus uaa computed for the real and imaginary parts Of 

the  complex modulus with the following equations: 

where L = sample thickness i n  inches (nominal 0.1 in.  1 

A = aample area in square inches;  contact  area between p rope l l an t  
2 and dr iver  plate (nominal 0.18 in .  1 

0 = ca l ib ra t ion  factor i n  lb / in .  

O =  phase angle between input and output siignals. 

The 19 ca l ib ra t ion  curve versus output voltage is obtained from s t a i n l e s s  
steel rings cut  f r a m  standard tubing with the following re la t ionship  
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B 2  = 

Y =  

0.224 D3 F/YLT3 

F/AD - 4.46 YL(T/DI3 

Young's wdulm 
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The rings are made from standard tubing with v a l u ~  of 0.25 to  0.30 in., 
wall thickness  of 0.001 t o  0.065 i n . ,  and length of 0,050 in. This provides a wide 

range of load ca l ib ra t ions .  

The dynamic s t r a i n  l e v e l  is a l i n e a r  funct ion of the vol tag8 appl ied  t o  
t h e  d r ive r  s tock of piezoelectric c r y s t a l s  and is ca lcu la ted  f r o m  

L t n  

where K = c a l i b r a t i o n  cons tan t  

L = sample thickness  

V = appl ied  vol tage  (0-p) 

t = dynamic s t r a i n  output  from dr ive r  crystal. 

A c a l i b r a t i o n  curve is shown i n  figure B-1. Dynamic shear data reduct ion  
for batch No. Tp-1148-9 is shown in  t ab le  B-1.  
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I 
Dynamic strain = 2(KV(o-pN 

K = 1 14 x lo-‘ in./v 
L =  01,in 

L 
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Figure B-1. Calibration Curve 
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